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 “Chemical synthesis always has some element of 
planning in it. But, the planning should never be too 
rigid. Because in fact, the specific objective the 
synthetic chemist uses as the excuse for his activity is 
often not of special importance in the general sense, 
rather, the important things are those that he finds 
out in the course of attempting his objective. 
 
R.B. Woodward,  Proc. Robert A. Welch Foundation 
Conf. Chem. Res., 1969, (12), 3. 
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VOORWOORD 
 
 “Een grote hoeveelheid experimenten wordt uitgevoerd gedurende een 
periode van vier jaar bij temperaturen variërend van 18 tot 30°C. De meest 
interessante resultaten worden hieruit geëxtraheerd, waarna deze worden 
samengevoegd resulterend in de ruwe versie van het manuscript. Het ruwe product 
wordt vervolgens geherkristalliseerd in de vorm van een proefschrift.” 
Op deze manier zou de totstandkoming van een proefschrift omschreven 
kunnen worden. Als een precies van tevoren uitgekiend experiment, waarbij alle 
resultaten er uiteindelijk netjes uit komen rollen. Maar zo gaat het in de praktijk 
meestal niet. Gelukkig maar. Tijdens het onderzoek doe je onverwacht vaak heel 
leuke ontdekkingen - hoewel, sommige reacties voer je tot in den treure uit zonder 
dat het ooit iets anders oplevert dan zwarte teer - en dit maakt het chemisch 
onderzoek juist zo interessant, precies zoals Nobelprijswinnaar R.B. Woodward het 
verwoordde. Ik kijk dan ook met een goed gevoel terug op de vier jaar op de afdeling 
Organische Chemie, waar ik het onderzoek heb verricht dat in dit proefschrift staat 
beschreven. Uiteraard was het niet mogelijk om dit alleen te doen; het is daarom op 
zijn plaats om hier een aantal mensen te bedanken die op welke manier dan ook een 
steentje hebben bijgedragen. 
Als eerste wil ik mijn dank uitspreken aan mijn promotor, Prof. Dr. Binne 
Zwanenburg. Het vertrouwen dat u in mij had, toen ik eind 1997 informeerde naar 
de mogelijkheid van een promotie-onderzoek, was erg belangrijk voor mij. Met vol 
vertrouwen kon ik dan ook in februari 1998 in uw vakgroep beginnen met het 
onderzoek. De studiereizen met de afdeling die op uw initiatief werden 
ondernomen, waarvan ik er twee mee heb mogen maken, waren onvergetelijk en 
hebben mede bijgedragen aan een geslaagde promotietijd. 
Mijn co-promotor, Dr. Ton Klunder, wil ik bedanken voor de dagelijkse 
begeleiding tijdens het onderzoek. De kunst om een “mislukte” reactie tijdens een 
bespreking als basis van een Nobelprijswaardig onderzoek te zien, was wel aan jou 
toevertrouwd. Dit en een flinke portie enthousiasme zijn altijd erg stimulerend 
  
 
 
geweest. En niet alleen op chemisch gebied; de stoomcursus sterrenkunde in de 
woestijn bij Alice Springs staat me nog zo helder voor de geest als de sterren die toen 
aan de hemel stonden. 
Onder andere door een presentatie van André Volkers op de Hogeschool van 
Zeeland werd Dick Tanis enthousiast gemaakt voor een stage in Nijmegen. En Dick, 
zo raakte je bij het onderzoek betrokken met als doel anthraceen derivaten geschikt 
voor een koppeling aan de vaste drager te synthetiseren. Ondanks de niet 
eenvoudige opdracht - anthraceen gedroeg zich vaak heel anders dan gedacht – wist 
je toch een aantal voor het onderzoek zeer bruikbare verbindingen in elkaar te 
sleutelen. Dick, bijzondere dank hiervoor, en het is goed te zien dat je inmiddels 
weer een stage organische chemie op de afdeling volgt, nu voor je doctoraal examen. 
De jaarlijkse bijeenkomsten van de gebruikerscommissie (KUN, UvA, Solvay) 
zijn altijd erg nuttig geweest. De discussies leverden vaak zoveel nieuwe ideeën voor 
verder onderzoek op, dat het misschien maar goed was dat de bijeenkomsten niet 
vaker gepland waren. Mijn dank gaat daarom ook uit naar Prof. Dr. Chris Kruse en 
Dr. Geb Visser van Solvay Pharmaceuticals Weesp, Prof.  Dr. Henk Hiemstra, Dr. Jan 
van Maarseveen en Dr. Johan Veerman van de Universiteit van Amsterdam. 
Bijzondere dank gaat uit naar Prof. Dr. Floris Rutjes, die tijdens het begin namens de 
universiteit van Amsterdam in de projectgroep zat, maar sinds zijn aanstelling eind 
1999 als hoogleraar in Nijmegen van zeer dichtbij bij mijn onderzoek betrokken 
raakte. Dit heeft zeker positieve invloed gehad op het onderzoek, met name op de 
“Amsterdamse” N-acyliminium ion chemie, die in hoofdstuk 4 staat beschreven. 
Aangezien de solid-phase chemie nog relatief nieuw was op onze afdeling, 
waren de tips van Prof. Dr. Frits Tesser en Hans Adams in het begin van het 
onderzoek zeer welkom. Hun jarenlange ervaring met de solid-phase synthese van 
oligopeptides heeft me vooral geholpen meer inzicht te krijgen in het gedrag van de 
vaste drager. Tijdens het verdere verloop van het onderzoek was het ook altijd erg 
plezierig om ervaringen uit te wisselen met mijn solid-phase collega’s op de afdeling, 
Dr. Sjors Kuster en Dr. Peter ten Holte, waarvoor dank. Verder wil ik graag een 
aantal mensen met naam noemen die behulpzaam zijn geweest op synthetisch gebied 
met tips, ideeën, etc., nl. Jan Dommerholt, René Aben, Henk Regeling, Dr. Gordon 
Chittenden en Dr. Bertus Thijs. 
Op niet-synthetisch gebied zijn er ook veel mensen geweest die onmisbaar 
waren om dit proefschrift tot stand te laten komen. Allereerst wil ik hen bedanken 
die zorgden voor de uitvoering van de analyses: Peter van Galen (massa-
  
spectrometrie), Ad Swolfs en Paul Schlebos (NMR) en niet te vergeten Helene 
Amatdjais-Groenen, die eindeloos veel stikstof bepalingen heeft gedaan. Waren er 
nieuwe chemicaliën nodig, was er apparatuur kapot en moest het gerepareerd of 
vervangen worden, dan kon je altijd terecht bij Chris Kroon, Wim van Luyn en Pieter 
van der Meer. Verder zorgden Sandra Tijdink, Jacky Versteeg, Désirée van der Wey 
en Sanna van Roosmalen op het secretariaat voor een goede gang van zaken op de 
afdeling. Gelukkig was er Dr. Gerry Ariaans voor goede raad en handige tips voor 
het onontbeerlijke werk op de computer en het verzorgen van de CAS-searches. Mijn 
dank gaat ook uit naar Dr. André Derksen voor het maken van de Corel-plaatjes van 
de polymere bolletjes en de FVT opstelling, zodat ze nu esthetisch verantwoord op 
papier staan. 
Een goede sfeer op het lab is ook erg belangrijk om je onderzoek met plezier 
uit te voeren, en daar heeft het ook niet aan ontbroken. Daar kwam bij dat het 
internationale karakter van ‘het mooiste lab van het UL’, waar ik de afgelopen vier 
jaar heb vertoefd, voor zeer gevarieerde gespreksstof heeft gezorgd van hoe benut je 
een strafschop tot hoe maak je een christmas pudding, van het koersverloop van het 
aandeel Ajax tot het koersverloop van een touretappe, enz., enz.. In willekeurige 
volgorde wil ik dan ook mijn labgenoten door de jaren heen bedanken: André 
Volkers, André Derksen, Peter Verveer, Xue-shi Mao, Marieke van Ham, Dick Tanis, 
Micaela Varini, Imre Markovich, Chandrasekhar, Kumara Vadivel, Zarina Olomi, 
Corrine Lawrence, en natuurlijk Simona Müller en Cyrus Afraz. Verder zou ik nog 
de buren van het clusterlab willen noemen: Jan Dommerholt, Jie Zhu, Ruud Titulaer, 
Gerjan Kemperman en Rolf Keltjens, al was het alleen maar voor de positieve 
inbreng tijdens de streepjes- en tourborrels. Verder wil ik iedereen bedanken, die de 
studiereizen naar Australië en het zuidoosten van de V.S. onvergetelijk hebben 
gemaakt, met name de organisatoren, André Volkers, Ruud Titulaer (Australië), 
Sander Hornes en Peter ten Holte (V.S.). 
Sander Hornes en Rolf Keltjens zijn de afgelopen vier jaar behalve gezellige 
labgenoten ook goede vrienden buiten het lab geworden. We hebben regelmatig een 
pijltje –al dan niet in of naast het bord- gegooid, veel films in de bioscoop gekeken -of 
in ieder geval gepland te gaan kijken - en zo’n beetje alle Friends afleveringen – How 
you doin’- gevolgd. Verder was er de Vierdaagse met als voorbereiding daarop 
klassieke wandeltochten als ‘de hel van Uchgelen’ en ‘de modder van Milsbeek’. En 
werd er niet gewandeld, dan werd er wel gebikkeld in het fitnesscentrum van Keep-
  
 
 
Fit. Ik ben dan ook bijzonder blij, dat jullie me tijdens mijn promotie als paranimfen 
terzijde staan. 
Nicole, mijn zus, en Fred, mijn zwager, wil ik bedanken voor de 
belangstelling, afleiding en hulp op velerlei gebied in de afgelopen jaren. En Rik, 
twee jaar oud pas, weet me nu al scherp te houden als ik iets niet goed zeg met een 
veelzeggend “let je wel op!”. Peter, José, Lou en Louise, ik vond het fijn dat ik altijd 
welkom was, als ik me even niet met het schrijven van het proefschrift bezig hoefde 
te (of wilde) houden en ik een weekend bij jullie was. 
Mijn moeder ben ik heel veel dank verschuldigd, omdat ze vanaf het begin 
van de studie altijd achter me heeft gestaan en me altijd gemotiveerd heeft. Ik heb me 
nooit ergens zorgen over hoeven maken, waardoor ik nu met succes deze promotie 
af kan gaan ronden. Papa, omdat ik weet dat je erg blij zou zijn geweest omdat ik 
zover ben gekomen en nog wel in de chemie ook en dat je dit dan ook graag had 
willen meemaken, is dit proefschrift voor jou. 
Tot slot ben ik jou, Hanny, tot op de dag van vandaag dankbaar, dat je twee 
en half jaar geleden mee ging uit eten bij Athene. En voor de gelukkige tijd die 
daarna kwam, dat spreekt voor zich. 
 
 
 
René 
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1.1 THE DIELS ALDER/RETRO-DIELS ALDER CONCEPT 
 
 The Diels Alder/retro-Diels Alder concept1 comprises a synthetic 
methodology, which is based on the thermal reversibility of the [4+2] Diels Alder 
reaction. The protocol consists of three principal steps: (i) temporarily protection of a 
reactive alkene system (the dienophile) with a suitable diene in a Diels Alder adduct, 
followed by (ii) the desired chemical modifications of this adduct, and (iii) 
regeneration of the alkene moiety by the [4+2] cycloreversion of this modified adduct 
applying appropriate thermal conditions. The strength of this synthetic concept is 
based on the temporarily protection of alkene systems, which are too reactive to be 
applied as such in chemical transformations. 
An illustrative example is the conceivable synthetic use of the 
cyclopentadienone ring system 1. Although an aspired synthon in cyclopentenoid 
natural product synthesis, it cannot be applied as such, since it rapidly dimerises 
above –100°C due to its anti-aromaticity2. Hence, a direct formation of 
cyclopentenones 2 from cyclopentadienones 1 by conjugate additions is not possible. 
By reacting one of the enone double bonds through a Diels Alder reaction with 
cyclopentadiene, the stable endo-tricyclo[5.2.1.02.6]decadienone system 3 is obtained 
which now allows stereo- and regioselective modification of the remaining 
cyclopentenone moiety, e.g. by conjugated additions to give tricyclodecadienones 4 
1  
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and 5 (Scheme 1.1).3 Regeneration of the enone, affording cyclopentenones 2 and 6, is 
now readily accomplished by a [4+2] cycloreversion at high temperatures in the gas 
phase applying the Flash Vacuum Thermolysis (FVT) technique1a-b, 4, or at room 
temperature in solution using Lewis acid catalysis3f, 5. 
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Scheme 1.1 
 
This use of the endo-tricyclo[5.2.1.02.6]decadienone system 3 as a synthetic 
equivalent of cyclopentadienone 1 is underlying the synthetic potential of the Diels 
Alder/retro-Diels Alder concept in natural product synthesis. Both in our6 and other 
research groups7, much attention has been given to the reactivity and synthetic 
applications of the tricyclodecadienone system 3, which resulted in the successful 
synthesis of a large variety of cyclopentenoids, both racemic and enantiopure.  
 
A unique feature of the Diels Alder/retro-Diels Alder concept makes use of 
the rigidity and chirality of the Diels Alder adducts that are obtained when both 
cyclic dienes and cyclic dienophiles are used. Again, this is most strikingly illustrated 
by the tricyclodecadienone system 3.  This system is a chiral and rigid molecule with 
a pronounced difference in stereoheterotopic faces of the cyclopentenone moiety, 
whereas cyclopentadienone 1 is achiral and has two equivalent faces. Hence, by 
reacting cyclopentadienone with cyclopentadiene, a stereogenic element is 
introduced, which can be used strategically for achieving stereoselective 
transformations. The Michael addition of nucleophiles to endo-tricyclodecadienone 3 
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to afford the exo-addition products 4 and 5 exclusively is a typical example.8 In order 
to accomplish an enantioselective synthesis of cycloalkenes, their cycloadducts must 
be obtained optically active, either by resolution, or by asymmetric synthesis. Both 
approaches have been successfully applied in the preparation of endo-
tricyclodecadienone 39. Finally, by removing the diene moiety, i.e. removal of the 
initial stereogenic centre, a chirally well-defined cycloalkene is produced, which may 
be completely enantiomerically pure depending on the synthetic procedures applied. 
This process of temporarily introducing a stereogenic centre, and using this for a 
chirality transfer to the initially achiral cycloalkene moiety, is denoted transient 
chirality10. The concept of transient chirality has gained much attention by several 
groups1,4,11, and has proven particularly valuable in the enantioselective synthesis of 
natural products containing a cyclopentenoid moiety. Illustrative examples of such 
cyclopentenoids are terrein 712, pentemomycin 813, epi-pentemomycin 914, 
dihydrosarkomycins 1015, clavulone 116d ,16 and kjellmanione 123k, 17 (Figure 1.1). 
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Figure 1.1 Natural products containing a cyclopentenoid moiety. 
 
1.2 THE DIELS ALDER/RETRO-DIELS ALDER CONCEPT ON SOLID-
PHASE 
 
The first polymer-supported synthesis of a tetrapeptide by Merrifield in 196318 
marks the beginning of solid-phase chemistry. Except for a few general organic 
synthetic applications by Leznoff19, Fréchet20 and Rapoport21, solid-phase chemistry 
has essentially been restricted to the synthesis of polypeptides for a long time. It was 
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not before the beginning of the nineties that solid-phase synthesis became an 
interesting synthetic methodology for obtaining large numbers of structurally closely 
related organic molecules (libraries). Especially the pharmaceutical industry pushed 
hard, as techniques were now available to test these libraries on their biological 
activity in a relatively short time22 (high-throughput screening). Solid-phase organic 
synthesis has acquired much attention since then and its development has been 
extremely rapid, which is best illustrated by the large number of reviews that already 
have appeared on the subject23,24. Nowadays, solid-phase synthesis has become an 
essential tool in combinatorial chemistry and the automated synthesis of libraries of 
compounds. Thus, because of its fastness, low cost, and the potential to generate 
large number of compounds with great structural diversity, the combinatorial 
approach is used extensively by pharmaceutical companies25. 
The research on solid-phase chemistry has mainly focused on the 
development of new resins and linkers26 and the translation of common organic 
reactions from solution to solid-phase24. As one of the most important carbon-carbon 
bond forming reactions, the Diels Alder reaction has been the subject of many 
investigations in solid-phase synthesis. An excellent overview27 covers numerous 
examples of Diels Alder reactions with both supported dienes and supported 
dienophiles. Supported dienes that have been reported, include cyclopentadiene28, 
furan29, butadienes30. For applications in hetero-Diels Alder reactions on solid-phase, 
supported oxabutadienes31, azadienes32 and nitroalkenes33 are mentioned. Amongst 
the supported dienophiles, acrylates34, maleimide35, dehydroalanine36 and the 
aforementioned nitroalkenes33, which can also act as dienophiles, are described. 
At the time the study in this thesis was started, only a few examples of a 
cycloaddition/cycloreversion sequence on a solid support had been reported. For 
example, polymer-supported cycloadduct 13 was obtained by a 1,3-dipolar 
cycloaddition of an α-diazo ketone immobilised on the Wang resin, and dimethyl 
acetylenedicarboxylate in the presence of a rhodium(II) catalyst. Heating of resin 13 
at 79°C in benzene for one hour resulted in a cycloreversion, affording the 
tetrasubstituted furans 14 in 70% yield (Scheme 1.2).37 
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Scheme 1.2 
 
 Craig et al.38 used resin 15, which is composed of o-quinodimethane on a 
polystyrene-based resin, as a diene precursor in a Diels Alder reaction. Reaction in 
toluene at 105°C for 14 hours with dimethyl acetylenedicarboxylate, benzoquinone, 
and trichloroacetonitrile as the dienophiles, gave naphtalenes 16, 17, and 
isoquinolines 18, respectively (Scheme 1.3). 
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Scheme 1.3 
 
 Only two examples refer to the use of the Diels Alder/retro-Diels Alder 
concept on the solid-phase. In the first example, Rotello et al. described the 
cycloaddition of C60-fullerene with cyclopentadiene immobilised on a polystyrene- 
based resin 19 to give the mixed fullerene adducts 20.28b Subsequent heating of this 
material at 180°C in decalin led to an efficient cycloreversion reaction, releasing C60-
fullerene (Scheme 1.4). An elegant application of immobilised fullerene adducts 
involves the purification of a mixture of C60 and C70-fullerenes by reacting it with 
silica-supported cyclopentadiene 21. Heating of the mixed fullerene cycloadducts 22 
in toluene, released 96% pure C60-fullerene.39 
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Scheme 1.4 
 
 Wanner and Koomen28c reported the Diels Alder reaction of cyclopentadiene 
19 immobilised on the polystyrene-based Merrifield resin with nitrosoadenosine 
triacetate 23, affording the resin-bound cycloadduct 24. Cycloreversion was 
accomplished by heating the resin 24 in hot DMF at 95°C in the presence of 
cyclohexadiene. The nitroso compound released was immediately trapped by 
cyclohexadiene in a [4+2]-Diels Alder reaction, affording the desired compound 25 
(Scheme 1.5). Both examples will be discussed in more detail in Chapter 2. 
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Scheme 1.5 
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1.3 LINKING STRATEGIES IN SOLID-PHASE ORGANIC SYNTHESIS 
 
 An essential feature in solid-phase synthesis is the chemical disconnection 
between the polymer matrix and the substrate. This linkage must be stable during 
the chemical operations carried out with the polymer-supported substrate. However, 
a high yielding disconnection should be possible, whenever it is desired. In addition, 
the size and nature of the linker unit must allow reaction at the substrate molecule, 
not hindered by steric interactions with the polymer backbone. Evidently, the success 
of a particular solid-phase synthesis is highly dependent on the correct choice of an 
adequate linker. Therefore, considerable efforts in this area have been reported and 
which have resulted in a large variety of linkers26. Several types of linkers can be 
distinguished, viz. acid and base labile linkers40,41, photolabile linkers42, cyclisation 
cleavage linkers43, safety catch linkers44 and traceless linkers45. Each type of linker 
has its own requirements with respect to the functionalities present in the substrate 
and the resin. Generally, this functionality is still present in the product immediately 
after cleavage from the resin. Fortunately, such a functionality is often desired in the 
final compound, e.g. carboxylic acid function in peptides. However, if no functional 
group is desired in the final product, it is preferably removed during the cleavage 
step. To address this prerequisite, several so-called traceless linkers45 have been 
developed. Hitherto, the exact requirements that characterise a genuine traceless 
linker have not been defined unambiguously, although different papers45b,c 
elaborated on this issue. 
The first traceless linker was developed by Kamogawa et al. as early as 1983.46 
The actual linker was the supported sulfonylhydrazine 26, to which aldehydes and 
ketones could be attached as the substrates, yielding, for example, resin 27. The 
cleavage step was conducted either with a reducing agent, such as borohydride, or 
with base, affording the desired alkanes 28 or alkenes 29, respectively. Many 
examples of different types of traceless linkers have been reported since.45  
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Scheme 1.6 
 
 Since a linker can be considered as a macroscopic protective group for the 
anchoring functional group, the Diels Alder/retro-Diels Alder concept in principle 
would also constitute an excellent case of a traceless linkage system. The protecting 
cyclic diene is connected to an appropriate solid support, and subsequently forms the 
polymer supported polycyclic substrate after a Diels Alder reaction with a dienophile 
using the activated olefinic π-system present. After chemical modification of this 
polymer supported adduct, the deprotective cycloreversion, i.e. cleavage from the 
resin, would only leave behind the olefinic π-system. This approach of linkage could 
also be denoted as a “thermocleavable” linking strategy, as only heat generally will 
lead to cleavage from the resin. No literature reports that mention this type of 
linkers, were known at the time this study began. 
 
1.4 AIM AND OUTLINE OF THIS THESIS 
 
 The Diels Alder/retro-Diels Alder concept has been a central research theme 
in the Department of Organic Chemistry of the University of Nijmegen for more than 
twenty years, and has proven to be an excellent and general avenue to 
enantiomerically pure cyclopentenoids. In the study described in this thesis, attempts 
were made to transfer this concept to the solid phase in order to broaden the scope of 
this synthetic methodology to a combinatorial level. A new type of a thermocleavable 
traceless linker would be the ultimate result of this approach (Scheme 1.7). 
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Scheme 1.7 
 
In cooperation with the University of Amsterdam and Solvay Pharmaceuticals 
Weesp, this solid-phase approach would be aimed at the synthesis of CNS-active 
heterocyclic compounds. N-acyliminium ion chemistry, which has been and still is 
intensively studied at the Amsterdam Institute of Molecular Studies, is particularly 
suitable to access such heterocyclic compounds starting from immobilised maleimide 
cycloadducts (Scheme 1.8). 
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Scheme 1.8 
 
 In Chapter 2, the immobilisation of cyclopentadiene on the Merrifield resin 
and on silica gel is described. The Diels Alder reactivity of these immobilised 
cyclopentadienes has been studied, and the thermal conditions required for an 
efficient cycloreversion of the resulting immobilised adducts, were determined. 
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Furthermore, the conceivable chemical functionalisation of the immobilised 
cycloadducts was demonstrated for some selected reaction types.  
 Chapter 3 deals with the Diels Alder/retro-Diels Alder concept using 
immobilised anthracene instead of immobilised cyclopentadiene as the solid 
supported protecting diene. The attachment of anthracene to the Merrifield resin at 
different positions in the aromatic system is described for the first time. The Diels 
Alder reactivity of the immobilised anthracene derivatives towards reactive 
dienophiles was shown, and the conceivable cycloreversion has been investigated. 
In Chapter 4, the conceivable solution-phase synthesis of nitrogen heterocycles 
via N-acyliminium ion chemistry is described. Maleic anhydride and maleimide were 
used as the starting materials, of which the enone moiety was protected by the 
formation of their cycloadducts with cyclopentadiene, anthracene or furan. The 
possibility to accomplish N-acyliminium ion chemistry with these cycloadducts was 
shown, and 5-hydroxypyrrolinones were synthesised from furan maleimide adduct 
using the Diels Alder/retro-Diels Alder methodology.  
Finally, preliminary results on the translation of the synthesis of 5-
hydroxypyrrolinones from solution-phase to the solid-phase are presented in 
Chapter 5. For this purpose, furfuryl alcohol was immobilised on the Merrifield 
resin, and subsequently applied in a Diels Alder reaction with maleimide. After the 
chemical transformation of the immobilised adduct, the conceivable formation of 
pyrrolinones through a thermal cycloreversion was studied.  
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DIELS ALDER/RETRO-DIELS ALDER 
CONCEPT 
 
 
 
 
2.1 INTRODUCTION 
 
The Diels Alder/retro-Diels Alder methodology is a powerful synthetic tool in 
stereoselective routes to functionalised cycloalkenes.1,2 In the Nijmegen research 
group, this concept has been studied extensively utilising the endo-
tricyclo[5.2.1.02,6]decadienone system 13. This tricyclic enone is in essence the Diels 
Alder adduct of cyclopentadiene and the highly reactive cyclopentadienone 2. One of 
the enone double bonds in cyclopentadienone 2 has reacted in this cycloaddition 
process leaving an annulated cyclopentenone moiety, which in turn can be 
chemically transformed, e.g. by conjugated additions to afford functionalised tricyclic 
decadienones 3 (Scheme 2.1). The reversibility of the Diels Alder reaction allows 
regeneration of the enone moiety affording functionalised cyclopentenones 4. This 
cycloreversion can be accomplished thermally, either in solution (static thermolysis) 
or in the gas phase (dynamic thermolysis). The Flash Vacuum Thermolysis (FVT) 
technique4 has been used to accomplish cycloreversion applying dynamic conditions5 
and has been particularly successful for those substrates that have a sufficiently high 
volatility. Since the formation of cyclopentenones 4 from cyclopentadienone 2 by 
direct conjugate additions is not possible due to the instability of cyclopentadienone 
2  
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2 above –100°C, the tricyclodecadienone system 1 in fact constitutes a synthetic 
equivalent of cyclopentadienone 2. 
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Scheme 2.1 
 
In principle, the Diels Alder/retro-Diels Alder concept can be readily 
translated into a process that is carried out on solid support. Such a solid-phase 
process could possibly lead to a combinatorial synthesis of cycloalkenes. This 
approach would feature the immobilised component 5 as the protecting cyclic diene 
in the initial Diels Alder reaction affording the resin-bound adduct 7 when reacted 
with dienophile 6 (Scheme 2.2). Chemical modification of the immobilised tricyclic 
system 7 to 8 is followed by thermal cycloreversion cleaving the modified dienophile 
9 from the immobilised cyclic diene 5 that in principle could be reused. 
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 For this study, cyclopentadiene, anthracene and furan were selected as the 
cyclic diene systems. All of them exhibit considerable Diels Alder reactivity towards 
a broad range of dienophiles6,7,8, cyclopentadiene being superior to anthracene and 
furan. In addition, the corresponding adducts show a reasonable cycloreversion 
efficiency at temperatures between 100 and 600°C. For example, cyclopentadiene is 
typically released in the gas-phase at 350-600°C9, whereas anthracene and furan are 
split off in the liquid-phase already at 150-200°C10. In this chapter, the synthesis and 
reactivity of immobilised cyclopentadiene and its adducts, is reported. The studies 
with immobilised anthracene and furan are described in Chapters 3 and 5, 
respectively.  
Only a few examples of immobilised cyclopentadiene have been reported 
hitherto. A detailed study of the general application of immobilised cyclopentadiene 
in a Diels Alder/retro-Diels Alder methodology has not yet been undertaken. In 
1985, Mirua et al.11 reported a first example of the preparation of polymer-supported 
cyclopentadiene 10 by reacting the Merrifield resin with cyclopentadiene in the 
presence of sodium and THF in a one-pot procedure, followed by quenching with 
methanol. At 80°C, resin 10 underwent dimerisation to give cross-linked resin 11 ( 
Scheme 2.3). This cross-linked resin was used in a Diels Alder reaction by 
heating it with maleic anhydride at 180°C in nitrobenzene. The resulting polymer-
supported maleic anhydride adduct 12 was formed in succesive retro-Diels Alder 
and Diels Alder reactions. According to Differential Scanning Calorimetry (DSC) 
analyses, this turned out to be a thermoreversible process. 
 
10 11
O
O
O
OO O
12a
80°C
PhNO2, 180°C
 
 
Scheme 2.3 
 
Miura et al.11 failed to obtain polymer-supported cyclopentadiene by adding a 
freshly prepared solution of sodium cyclopentadienylide to the Merrifield resin. A 
high degree of cross-linking between the polystyrene strands in the resin due to 
dimerisation of the cyclopentadiene units led to an extensive gelation in this case. 
 CHAPTER 2 
16 
Rotello et al.12 reported the Diels Alder reaction between buckminsterfullerene 
C60 and cyclopentadiene  linked to Merrifield resin (Scheme 2.4). In remarkable 
contrast to the report by Miura et al.11, immobilisation of cyclopentadiene was readily 
achieved by adding a solution of sodium cyclopentadienylide in THF to a suspension 
of the Merrifield resin in toluene. The reaction was carried out at –20°C for two hours 
and resulted in a substitution of 52% of the chloride by cyclopentadiene. No cross-
linking between cyclopentadienylated polystyrene units was mentioned. 
 
C60, 20°C
180°C, -C60
10 13
 
Scheme 2.4 
 
The resulting immobilised cyclopentadiene reacted rapidly with 
buckminsterfullerene in a Diels Alder reaction, affording the immobilised structure 
13. This cycloaddition reaction turned out to be completely reversible, just as found 
for the solution-phase reaction. However, on solid-phase the cycloreversion took 
place at a much higher temperature than in solution, viz. 180°C and 75°C, 
respectively. This large temperature difference was ascribed to secondary 
interactions between the fullerene and the polymer backbone, such as π-stacking and 
van der Waals forces. 
Recently, Wanner and Koomen13 showed the ability of immobilised 
cyclopentadiene 10 to react with the vulnerable nitroso functionality of 
nitrosoadenosine triacetate 14 (Scheme 2.5). The resin-bound cycloadduct 15 was 
obtained via a hetero-Diels Alder reaction. Heating of resin 15 in hot DMF at 95°C in 
the presence of cyclohexadiene led to cycloreversion, i.e. cleavage from the resin. The 
nitroso compound that was cleaved off, immediately was trapped by cyclohexadiene 
in a [4+2]-Diels Alder reaction, affording adenosine derivative 16. Immobilised 
cyclopentadiene 10 was obtained by stirring the Merrifield resin with lithium 
cyclopentadienide in DMF, resulting in a loading of 0.59 mmole cyclopentadiene/g 
of resin. 
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Scheme 2.5 
 
 An alternative way to immobilise cyclopentadiene is the use of silica as the 
solid support instead of a polystyrene resin. This approach was investigated by 
Rotello et al.14 as an extension of their studies on the purification of 
buckminsterfullerenes. Scheme 2.6 depicts the preparation of the silica-bound 
cyclopentadiene 18, which is based on a reaction of commercially available 
chloropropyl-functionalised silicagel 17 with lithium cyclopentadienylide. 
 
Si Cl
O
OO Li
+
Si
O
OO
23°C
17 18  
Scheme 2.6 
In comparison to the immobilised cyclopentadiene on a Merrifield resin, the 
silica-bound cyclopentadiene proved to be more stable. There was hardly any loss of 
reactivity after repeated use. Moreover, heating of the fullerene adduct on silica 
afforded pure fullerene without any contamination due to the undesired release of 
the cyclopentadiene-fullerene adduct. Therefore, the silica-bound cyclopentadiene 
was preferred over cyclopentadiene linked to Merrifield resin for the purification of 
mixtures of buckminsterfullerenes. Unfortunately, no experimental data on the 
efficiency of the cycloaddition reaction with silica-bound cyclopentadiene was given. 
Silica-bound cyclopentadiene 21 was prepared by Iiskola et al.15 as a precursor 
for a novel heterogeneous metallocene catalyst. The homogeneous metallocenes were 
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shown to be very effective catalysts in the polymerisation of α-olefins.16 In the last 
few years, much effort has been put in improving the metallocene catalysts, viz. the 
immobilisation of metallocene complexes on a polymeric support,17 affording a 
heterogeneous metallocene catalyst. Iiskola et al.15 reported the preparation of a 
supported zirconium metallocene catalyst, using cyclopentadiene-functionalised 
silica 21. The cyclopentadiene units serve as an anchor for the zirconium catalyst, 
which was obtained by the immobilisation of cyclopentadienylzirconium trichloride 
onto the cyclopentadienyl surface. The loading of the silica with functionalised 
cyclopentadiene as shown in Scheme 2.7, was achieved by reacting [3-(2,4-
cyclopentadienyl)propyl]-(triethoxy)silane 20 vapour with solid silica 19 on a sinter.18  
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Scheme 2.7 
 
 This chapter will evaluate both the silica-bound and polystyrene-bound 
cyclopentadienes in the Diels Alder/retro-Diels Alder concept. Silica was selected as 
the solid support to be studied first, since Rotello14 reported promising results using 
this material. Moreover, silica-bound cyclopentadiene 21, prepared by Iiskola15, was 
immediately available for this study. The results are presented in paragraph 2.2. The 
remaining paragraphs describe the preparation, characterisation and application of 
cyclopentadiene immobilised on functionalised polystyrene-based resins. 
 
2.2 SILICA-BOUND CYCLOPENTADIENE IN THE DIELS ALDER/RETRO-
DIELS ALDER PROTOCOL 
 
2.2.1  Properties of the silica-bound cyclopentadiene used. 
 In a first attempt to study the application of immobilised cyclopentadiene in 
the Diels Alder/retro-Diels Alder methodology, silica-bound cyclopentadiene was 
investigated. Iiskola15 kindly donated cyclopentadiene-functionalised silica 21 that 
was prepared as depicted in Scheme 2.715,18. The starting silica 19 used in this process 
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was calcinated at 600°C. The infrared spectrum showed a strong band at 3745 cm-1 
and lacked any other absorption in this region, indicating that only isolated hydroxyl 
groups are present. Based on elemental analysis, the number of these hydroxyl 
groups was estimated at 1.8-1.9/nm2, of which about 1.5-1.6/nm2 are reactive, the 
others being internal silanol groups and hence unable to interact. 
Silica 19 was then reacted with silane 20 causing a disappearance of the band 
at 3745 cm-1, suggesting that all hydroxyl groups had reacted. However, a new broad 
band at 3100-3600 cm-1 appeared, which was assigned to hydrogen bonding 
interactions between hydroxyl groups of the silica and oxygen atoms of the ethoxy 
groups of silane. Moreover, it was found that at lower reaction temperatures not all 
of the reactive hydroxyl groups were able to react with the silane gas due to steric 
hindrance. 13C and 29Si NMR experiments confirmed the assumed reaction between 
the silane gas and the silica. Optimisation of the reaction conditions yielded silica 21 
with a cyclopentadiene surface density of 0.8-0.9 cyclopentadiene rings/nm2, i.e. 0.45 
mmole of cyclopentadiene per gram of silica. Iiskola calculated these values from the 
elemental analysis, which provided the carbon content of the silica. 
Elemental analysis of the silica-bound cyclopentadiene 21, used in this study, 
gave a carbon content of 6.48%, confirming the results of Iiskola. 
 
2.2.2  Diels Alder reactivity of the silica-bound cyclopentadiene. 
In order to get a first impression of the Diels Alder reactivity of the silica-
bound cyclopentadiene 21, it was reacted with three reactive dienophiles, viz. maleic 
anhydride, benzoquinone and tetracyanoethylene giving silica-bound tricyclic 
structures 22a-c (Scheme 2.8). The reactions were performed at room temperature for 
17 to 27 hours with either methanol or toluene as the solvent (Table 2.1). 
 
Table 2.1 Cycloaddition reactions with cyclopentadiene-functionalised silica. 
Entry Adduct of Solvent Reaction Time Yielda) (%) 
1 Maleic anhydride 22a Toluene 27h 25 
2 Benzoquinone 22b Methanol 17h 16 
3 Tetracyanoethylene 22c Toluene 24h 12 
a) Calculated from carbon content determined by elemental analysis 
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Scheme 2.8 
 
Organic structures that are immobilised on silica cannot be analysed by 
solution NMR-spectroscopy, since the silica is insoluble. The most suitable method to 
obtain the necessary structural information is using infrared spectroscopy. More than 
90% of the reactive species on the silica is situated on the surface. Measurements of 
the surface rather than the bulk of the silica provides the most significant 
information. A powerful technique for such analyses is Diffuse Reflectance Infrared 
Fourier Transform (DRIFT) spectroscopy19. This technique does not require the 
infrared beam to go through the sample, but measures the diffuse reflectance instead 
and hence ignores the bulk of the silica that would only disturb the spectra. 
DRIFT spectroscopy in combination with elemental analysis revealed 
unambiguously that the Diels Alder reactions indeed took place. However, the 
relatively low yields as determined by elemental analysis on carbon (Table 2.1) show 
that silica-bound cyclopentadiene 21 is only moderately reactive under the 
conditions known to give high yields in solution. These results are the more 
disappointing in the view of the fact that Rotello reports that the bulky fullerenes 
react rapidly with silica-bound cyclopentadiene at room temperature.14 However, an 
absolute comparison cannot be made, since both the exact yield of the cycloaddition 
reaction with fullerene and accurate data on the structure of the silica-bound 
cyclopentadiene used by Rotello, was not given. 
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2.2.3  Cycloreversion of silica-bound cycloadducts. 
 The silica-bound maleic anhydride and benzoquinone adducts 22a and 22b, 
respectively, were heated under reduced pressure in the set-up as shown in Figure 
2.1, in order to achieve a cycloreversion reaction. Thus, volatile cycloreversion 
products released from the silica were trapped in the receiving cooler. As an 
example, benzoquinone was obtained after heating the silica-bound benzoquinone 
adduct 22b at 200°C at a pressure of 0.07 mbar. The infrared spectrum of the 
remaining silica no longer showed the carbonyl band at 1670 cm-1, which is 
characteristic for the benzoquinone adduct, indicating that the cycloreversion was 
complete. Infrared analysis showed that the remaining silica still contained 
immobilised cyclopentadiene, which could be reused in another cycloaddition 
reaction. 
 
Vacuum Receiving Cooler
Thermolysis Oven
SubstrateQuartz Tube
Cold Trap (liq. N )2
Manometer
 
 
Figure 2.1 Pyrolysis set-up. 
 
 Applying the same conditions, the silica-bound maleic anhydride adduct 22a 
afforded maleic anhydride. However, infrared spectroscopy of the remaining silica 
still showed a weak carbonyl absorption at 1787 cm-1, indicating that the 
cycloreversion had not been complete. Application of stronger conditions, viz. 500°C 
at a pressure of 0.05 mbar, resulted in the release of a complex mixture. The infrared 
spectrum of the resulting silica was similar to the spectrum of the plain silica, i.e. 
silica without cyclopentadiene, suggesting release of all organic material. 
 
2.2.4  Some further transformations of silica-bound cycloadducts. 
 In order to explore conceivable chemical transformations of the silica-bound 
cycloadducts, these adducts were subjected to some common reactions, viz. 
reduction, acetylation or epoxidation. In a first attempt, silica-bound maleic 
 CHAPTER 2 
22 
anhydride adduct 22a was treated with excess lithium aluminium hydride20 in THF 
at room temperature, in order to accomplish the synthesis of diol 23 (Scheme 2.9). 
The necessary work-up with water, however, gave serious problems, since water was 
physisorbed on the silica. This caused difficulties in interpreting the infrared-spectra, 
since the strong broad band present at 3700-3100 cm-1 could just as well be ascribed 
to water as to hydroxyl groups. Therefore, no conclusive information about the 
formation of diol 23 from adduct 22a was obtained from infrared spectroscopy. The 
disappearance of the carbonyl-band at 1788 cm-1, however, points to a successful 
reduction, although the formation of a hydrate by the addition of water cannot 
completely be ruled out. 
 In case the reduction had been successful, it should be possible to acetylate the 
diol compound 23.21 In reality, no acetylated product 24 was observed when the 
assumed reduction product 23 was treated with acetic anhydride. In the infrared 
spectrum, no carbonyl absorption was observed around 1700 cm-1. From this result, it 
may be concluded either that the diol-compound had not been formed, or that water 
on the silica disturbed the acetylation, despite that an excess acetic anhydride was 
used. In order to obtain evidence about the structure present on the silica, an attempt 
was made to cleave the structure from the silica by thermolysis. Treatment of the 
silica at 200°C at a pressure of 0.07 mbar resulted only in the release of water. No 
trace of any cycloreversion product was observed. Furthermore, the infrared 
spectrum of the resulting silica was similar to the spectrum of silica-bound diol 23. In 
view of these results, it is likely that silica 22a had been transformed into silica-bound 
diol 23. Absorption of water after aqueous work-up, however, hampered the 
subsequent acetylation, which was shown by the release of water and the recovered 
silica-bound diol 23 after thermolysis. 
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Scheme 2.9 
 
Finally, the alkaline epoxidation of silica-bound benzoquinone adduct 22b 
was investigated. 
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Scheme 2.10 
 
Following the procedure described by Herz et al.22 for a similar reaction in 
solution (Scheme 2.10), silica-bound dione 22b was treated with 30% hydrogen 
peroxide in the presence of sodium carbonate (Scheme 2.11). The infrared spectrum 
again showed that water had been physisorbed. The weight of the silicagel had 
increased with 100%, indicating a substantial amount of water. Thermolysis of the 
non-polymer bound tricyclic epoxide 26 gives a quantitative formation of epoxide 
2723. Treatment of the silica-bound product of the epoxidation reaction under similar 
conditions led exclusively to the elimination of water. In conclusion, the formation of 
silica-bound tricyclic epoxide 28 cannot be proven because of lacking relevant 
information from the infrared spectrum on one side, and the failure of the 
cycloreversion on the other. 
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Scheme 2.11 
 
2.2.5  Influence of water on the silica support. 
As can be concluded from the previous paragraph, water causes major 
problems as it is absorbed in substantial quantities during the work-up procedure. In 
order to quantify the influence of water on the silica support, a more detailed study 
was undertaken. Silica-bound cyclopentadiene was stirred with water, followed by 
filtration and thoroughly washed with ether. The physical appearance of the 
resulting silica seemed to be unchanged. The infrared-spectrum, however, showed 
an increased hydroxyl absorption at 3700-3100 cm-1, due to physisorbed water. 
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Reaction of this material with maleic anhydride did not give any Diels Alder adduct, 
as was deduced from the absence of a strong carbonyl absorption at 1770 cm-1 in the 
infrared spectrum. 
The silica-bound maleic anhydride adduct was also treated with water. After 
the usual work-up procedure, the resulting silica looked clearly wet and the infrared 
spectrum contained a broad band at 3700-3100 cm-1, indicating a large amount of 
water. The carbonyl absorbance at 1788 cm-1 had completely disappeared, while the 
fingerprint region did not give relevant information. 
In conclusion, silica is not particularly suitable as a solid support for the 
immobilisation of cyclopentadiene for the application in the Diels Alder/retro-Diels 
Alder concept. The Diels Alder reactivity of silica-bound cyclopentadiene turned out 
to be rather poor. Moreover, the inevitable absorption of water hampers subsequent 
chemical transformations.  
 
2.3 IMMOBILISATION OF CYCLOPENTADIENE ON A POLYSTYRENE-
BASED RESIN 
 
 Rotello et al.12 immobilised cyclopentadiene by stirring a solution of sodium 
cyclopentadienylide in THF with the Merrifield resin 29 at –20°C. A loading of 52% 
was thus accomplished, i.e. 52% of available chloride of Merrifield resin 29 had been 
substituted by cyclopentadiene. 
Optimisation of Rotello’s procedure resulted in a significant improvement of 
the loading of cyclopentadiene. Increasing the reaction temperature from –20°C to 
45°C using THF as the solvent (Scheme 2.12), an optimum loading of 70% was 
accomplished (Table 2.2, entry 1). The higher temperatures did not adversely affect 
the stability of the sodium cyclopentadienylide solution, as long as the reaction was 
performed under a strict inert atmosphere24. It should be noted, that the Merrifield 
resin used here is different from the one applied by Rotello, regarding the degree of 
cross-linking and the number of available sites (see experimental part). The use of 
lithium as the cation did not lead to better results (Table 2.2, entry 2,4). This 
observation is in agreement with the loading of 43% reported by Wanner and 
Koomen13, when they used lithium cyclopentadienide in DMF. 
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Scheme 2.12 
 
Table 2.2 Linking of Cyclopentadiene to the Merrifield resin. 
Entry Solvent Cation Loadinga) (mmole/g) Substitutionb) (%) 
1 THF Na+ 1.19 70 
2 THF Li+ 0.69 41 
3 Toluene Na+ 1.09 64 
4 Toluene Li+ 0.08 4 
a) Cyclopentadiene (in mmole/g functionalised resin)  that reacted with tetracyanoethylene. 
b) Percentage of chloride in Merrifield resin that is substituted by cyclopentadiene. 
 
 
The immobilisation reaction was monitored with infrared spectroscopy. The 
Merrifield resin gave a sharp absorption at 1265 cm-1 due to C-Cl-stretching. This 
absorption decreased in intensity when the reaction proceeded. 
The loading was determined by two methods. Firstly, after the immobilisation 
reaction, the resin was washed with water. The resulting combined aqueous filtrates 
contained the chloride anions substituted by cyclopentadiene. The quantity of these 
chloride anions was determined by titration. Assuming that all chloride found 
corresponds to an equimolar amount of cyclopentadiene, the loading could be easily 
calculated. The titration method that was used is known as the Vollhard titration25, 
where chloride anions are precipitated with an excess of silver cations. The excess of 
these silver cations is titrated with thiocyanate. In order to see the colour change at 
the equivalence point, the combined aqueous black filtrates had to be decolourised 
with nitric acid prior to the titration. The decolourised aqueous solution was set to a 
known volume and divided into three equal portions, which allowed the titration to 
be carried out in triplo. 
Secondly, an article by Bing Yan and co-workers26 showed that elemental 
analysis of resins provide reliable information on the content of elements such as 
nitrogen. For this purpose, the immobilised cyclopentadiene 10 was reacted with the 
reactive dienophile tetracyanoethylene (Scheme 2.13). Elemental analysis of the 
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resulting immobilised adduct 12b provided the nitrogen content of the resin, thus 
giving the amount of tetracyanoethylene that had reacted.  
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Scheme 2.13 
 
Determination of the amount of tetracyanoethylene that has reacted allows the 
calculation of the loading of cyclopentadiene on resin 10. Assume, the nitrogen 
content of immobilised adduct 12b is x percent, then the resin contains 10x mg of 
nitrogen per gram of resin. This equals to 10x/14 mmole of nitrogen or 10x/(14*4) 
mmole of tetracyanoethylene adduct per gram of resin 12b. Hence, to obtain 1 gram 
of immobilised tetracyanoethylene adduct 12b, the amount of tetracyanoethylene 
that has reacted is given by 
 
4*14
10xv =     (Equation 2.1) 
 
 The mass of immobilised cyclopentadiene 10 that has reacted with 
tetracyanoethylene to give 1 gram of immobilised tetracyanoethylene adduct 12b, 
equals to 1 gram minus the mass of reacted tetracyanoethylene, which can be written 
as 
 
1000*4*14
12801 xw −=     (Equation 2.2) 
Combination of Equation 2.1 and Equation 2.2 gives Equation 2.3, which can 
be applied to calculate the loading of cyclopentadiene on resin 1: 
 
x
xy
128.06.5 −
=     (Equation 2.3) 
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where y is the loading of cyclopentadiene, expressed as mmole per gram of 
immobilised cyclopentadiene 10 and x is the percentage of nitrogen in the 
immobilised cycloadduct 12b determined by elemental analysis. 
In a typical immobilisation reaction, the titration method showed that 1.19 
mmole of available chloride per gram of Merrifield resin was substituted by 
cyclopentadiene, resulting in a loading of 1.15 mmole cyclopentadiene per gram of 
resin 1. Elemental analysis of the tetracyanoethylene adduct showed that 1.25 mmole 
cyclopentadiene per gram of resin 1 had reacted. The results of the elemental analysis 
and the titration showed that cyclopentadiene immobilised on resin 1 reacts 
quantitatively with tetracyanoethylene. In conclusion, elemental analysis of the 
tetracyanoethylene adduct gives a reliable estimation of the loading of 
cyclopentadiene on a polystyrene resin. 
 
2.4 DIELS ALDER REACTIONS WITH CYCLOPENTADIENE 
IMMOBILISED ON A POLYSTYRENE-BASED RESIN 
 
Diels Alder reactions with immobilised cyclopentadiene on a polystyrene-
based resin, such as the Merrifield resin, already have been reported. Miura and co-
workers11 disclosed the formation of the immobilised cycloadduct 12a after stirring 
their immobilised cyclopentadiene with maleic anhydride in nitrobenzene at 180°C. 
Furthermore, a mixture of buckminsterfullerenes was covalently attached to 
immobilised cyclopentadiene, followed by a selective release of buckminsterfullerene 
C60 at elevated temperatures, as reported by Rotello et al.12,14. 
In addition to the successful cycloaddition of resin 10 with tetracyanoethylene 
as described in paragraph 2.3, a series of reactive dienophiles6 was reacted with 
immobilised cyclopentadiene 10 (Scheme 2.15). The dienophiles used were 
commercially available except for N-phenethylmaleimide 32 and diethyl maleate. 
Maleimide 32 was synthesised according to known procedures in a two-step process 
starting from maleic anhydride and N-phenethylamine 30 via intermediate 3127 
(Scheme 2.14). Diethyl maleate was prepared from maleic anhydride by conventional 
methods. 
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Scheme 2.14 
 
The Diels Alder reactions were generally carried out overnight in DMF at 
room temperature. Only diethyl maleate required an elevated temperature to achieve 
an acceptable conversion. 
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Scheme 2.15 
 
The formation of the Diels Alder adducts was confirmed by IR analysis. The 
benzoquinone adduct 12c, for example, showed a C=O absorption at 1670 cm-1. The 
maleic anhydride adduct 12a showed the typical anhydride C=O absorptions at 1860 
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and 1773 cm-1 and C-O stretches at 1221 cm-1, whereas the diethyl maleate adduct 
12d had an absorption at 1728 cm-1, which is characteristic for esters. Weak CN-
absorptions were observed at 2200 cm-1 in the IR-spectra of the tetracyanoethylene 
adduct 12b. Elemental analysis confirmed the required amount of nitrogen proving a 
quantitative addition of tetracyanoethylene to resin 10. 
 
Table 2.3 Diels Alder reactions with cyclopentadiene immobilised on Merrifield resin. 
Entry Diels Alder adduct of Starting 
resina) 
(mmole/g) 
Cyclopentadiene 
Reactedb) 
(mmole/g) 
Loadingc) 
 
(mmole/g) 
Conversion  
 
(%) 
1 Maleic anhydride 12a 1.19 0.80 0.74 67 
2 Tetracyanoethylene 12b 1.19 1.25 1.08 100 
3 Benzoquinone 12c 0.91 0.77 0.70 85 
4 Diethyl maleate 12dd)  0.91 0.39 0.37 43 
5 Acrolein 12e 1.19 0.94 0.89 79 
6 Maleimide 12f 0.91 0.64 0.61 70 
7 2-Chlorobenzoquinone 12g 1.19 1.04 0.90 87 
8 N-phenethylmaleimide 12h 1.19 0.95 0.80 80 
a) Loading of cyclopentadiene on starting resin. 
b) Calculated by weight increase, except for entries 2, 5, 8 (calculated by elemental analysis). 
c) Loading of Diels Alder adduct, expressed as mmole/g modified resin. 
d) Reaction performed at 80°C. 
 
The yields were determined by measuring the weight increase of the resin or 
more accurately by elemental analysis when nitrogen was present in the dienophiles 
and hence in the polymer-supported adducts. The results that are listed in Table 2.3 
show that all cycloaddition reactions can be performed with high efficiency. It should 
be noted that the elevated temperature required for the maleate ester to react is in 
accordance with the relatively low reactivity of this dienophile towards 
cyclopentadiene in solution6. 
 
2.5 STRUCTURE OF CYCLOPENTADIENE IMMOBILISED ON A 
POLYSTYRENE-BASED RESIN 
 
In solution, monosubstituted cyclopentadiene rapidly isomerises at room 
temperature through a 1,5 hydride shift (Scheme 2.16). Thus, 5-substituted derivative 
33a is converted into the thermodynamically more stable 1- or 2-isomer 33b or 33c, 
respectively. This isomerisation is catalysed by alkali cyclopentadienylide.28,29 As a 
result, the reaction of an alkyl halide with sodium cyclopentadienylide always leads 
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to a mixture of three possible alkylcyclopentadiene isomers29,30,31. In Diels Alder 
cyclisations, alkylcyclopentadienes generally afford mixtures of cycloadducts 34a-c, 
in which the alkylgroup may be attached at a maximum of three different positions 
(Scheme 2.16). 
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Scheme 2.16 
 
Similarly, immobilisation of cyclopentadiene on a resin most likely also gives 
rise to three isomerising structures. As a consequence, the produced immobilised 
cycloadducts 12 may be linked at three different positions to the polystyrene-based 
resin. It is likely that the mode of linkage has a direct impact on both the subsequent 
chemical transformations carried out on these polycyclic structures and the eventual 
cycloreversion process. Therefore, it is desirable to know whether any selectivity in 
the formation of the immobilised cyclopentadiene adducts can be observed. Hence, 
attempts were made to analyse the composition of a possible isomeric mixture 12c 
(Figure 2.2), obtained from the reaction of immobilised cyclopentadiene 10 and 
benzoquinone. 
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Figure 2.2 The three different isomers of immobilised cycloadduct 12c. 
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 A realistic structure determination is only possible after cleavage of the 
complete cycloadducts from the resin. In order to be able to cleave the entire tricyclic 
structures from the resin, a cleavable linker must be introduced between the 
polymeric backbone and cyclopentadiene. The Wang resin was chosen, because it has 
an additional cleavable methoxyphenyl linker, which is lacking in the Merrifield 
resin. Cleavage from the Wang resin under acidic conditions normally occurs by 
breaking an ester bond (Scheme 2.17a). However, if the benzoquinone adduct of 
cyclopentadiene is immobilised on the Wang resin as in structure 35, only an ether 
bond is present for cleavage (Scheme 2.17b). This bond can readily be broken by 
using trifluoro acetic acid or boron tribromide.32 The resulting mixture of isomers 36 
can then be analysed, e.g. by GC/MS. 
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Scheme 2.17 
 
 In order to immobilise cyclopentadiene on the Wang resin 37, the hydroxyl 
groups of this resin first need to be substituted by chloride. This was accomplished 
by treatment of resin 37 with dichlorotriphenylphosphorane in dichloromethane in 
the presence of imidazole, affording resin 3833. Cyclopentadiene was now easily 
immobilised on the Wang resin using the same conditions as those that are optimal 
for linking to the Merrifield resin (Scheme 2.18). Subsequent cycloaddition of 
benzoquinone and the obtained resin 39 gave the Wang-immobilised adduct 35 with 
a loading of 0.75 mmole per gram of resin. 
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Scheme 2.18 
 
 Immobilised adduct 35 was then treated with trifluoroacetic acid in 
dichloromethane, followed by thorough washing of the resin. The combined 
washings were concentrated, affording a complex mixture. The mixture was 
analysed with GC-MS in order to establish whether isomers of tricyclic structure 36 
were present. The gas chromatogram showed three peaks in a ratio of 2:1:1. The mass 
spectra associated with these peaks contained parent ions of 280 m/z and similar 
fragmentation patterns, confirming the cleavage of three isomers of tricyclic structure 
36. 
The abundance of one isomer over the other two isomers indicates that 
attachment of cyclopentadiene to the resin at one position is preferred. This is in 
accordance with the observation that the 5-substituted alkylcyclopentadiene 33a is 
the kinetically preferred product in solution.28,29 The resulting immobilised Diels 
Alder adduct is most likely the bridgehead substituted tricyclic structure III (Figure 
2.2). However, this cannot be confirmed unambiguously by mass spectroscopy alone. 
In conclusion, some selectivity in the formation of the immobilised cyclopentadiene 
adducts is observed. However, there is apparently no effect of the polystyrene 
backbone on the isomeric ratio. 
 
2.6 CYCLOREVERSION OF THE CYCLOPENTADIENE ADDUCTS 
IMMOBILISED ON A POLYSTYRENE-BASED RESIN 
 
The immobilised cycloadducts 12a,c,d,g and h were heated for three hours in 
the pyrolysis set up (Figure 2.1) to accomplish the retro-Diels Alder reaction. The 
temperature was varied from 150 to 250ºC at a pressure of 0.05 mbar. At 150°C, only 
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benzoquinone was released from the resin in small amounts. Other dienophiles were 
not released until a temperature of 200ºC was attained. The yield of cleavage 
products collected in the receiving cooler at this temperature was generally rather 
low as shown in Table 2.4, except for benzoquinone. Maleic anhydride could also be 
obtained in a good yield, albeit only at 250°C.  
 
Table 2.4 Results of the cycloreversion reactions. 
Yield of Cleavage Product (mmole/g) Entry Immobilised adduct 
150°C 200°C 250°C 
1 12a 0 0.20 (29%) 0.66 (89%) 
2 12c 0.03 (19%) 0.65 (93%) a) 
3 12d 0 0.16 (43%) a) 
4 12g 0 0.22 (24%) a) 
5 12h 0 0.02 (  3%) 0.08 (10%) 
a)    not determined. 
 
This dynamic thermolysis approach has the disadvantage that less volatile 
dienophiles cleaved off may not be completely freed from the resin, and are therefore 
not trapped in the receiving cooler. In order to obtain more information about this 
problem, the resin was swollen in dichloromethane after heating, then stirred and 
finally filtered. The obtained dichloromethane solution did not contain any product. 
This implies that the observed low yields cannot be attributed to cleaved dienophile 
being stuck in the matrix of the polymer after cycloreversion. Finally, the same 
heating protocol was followed again, but this did not result in an additional amount 
of dienophile.  Consequently, the total amount of dienophiles cleaved off was 
isolated in the receiving cooler and thus the yields are the actual cycloreversion 
yields. 
The immobilised benzoquinone adduct 12c was also subjected to the static 
thermolysis protocol. Following this protocol, adduct 12c was heated at reflux in a 
high-boiling solvent, such as dimethylformamide or o-dichlorobenzene. After 
filtration of the resin, the filtrate was analysed with GC and TLC to establish whether 
any cycloreversion product had been cleaved off from the resin. The results listed in 
Table 2.5 reveal that no cycloreversion could be accomplished by this method. 
Apparently, the temperature needed for cycloreversion under static thermal 
conditions is considerably higher than required for dynamic thermal conditions. 
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Table 2.5 Attempted cycloreversion of 12c in a solvent under static thermal conditions. 
Entry Solvent 
Temperature 
(°C) Reaction time Cycloreversion 
1 DMF 150 3 h X 
2 DMF 150 17 h X 
3 DMF 150 5 mina) X 
4 o-dichlorobenzene 240 17 h X 
a) microwave, 500W 
 
Recapitulating, the temperature required for cycloreversion is generally too 
high and highly dependant on the nature of the dienophile to be released. Besides, 
the only successful cycloreversion reactions were performed under dynamic 
thermolysis conditions. With respect to a combinatorial extension of the concept, 
however, cycloreversion under static thermolysis conditions, i.e. using a solvent, 
would be preferable. Cycloreversion of immobilised cyclopentadiene adducts by 
thermolysis is possible, but the results are not satisfactory for a combinatorial 
approach. 
 
2.7 CHEMICAL MODIFICATION OF THE CYCLOPENTADIENE ADDUCTS 
IMMOBILISED ON A POLYSTYRENE-BASED RESIN 
 
 Immobilised cycloadduct 12a may be converted into the diethyl ester 12d by 
treatment with sulphuric acid in ethanol. This reaction was successful, as was 
apparent from the disappearance of the carbonyl absorptions characteristic of the 
anhydride at 1558 and 1771 cm-1, and the appearance of a carbonyl absorption at 1728 
cm-1. The efficiency of this reaction seemed somewhat surprising as only poor 
swelling of the resin occurs in ethanol. However, a good swelling may not be 
essential here, since ethanol is both solvent and reagent. 
 
O
O
O
EtOH, H+
O
O
OEt
OEt
12a 12d  
Scheme 2.19 
 Another conceivable transformation of immobilised maleic anhydride adduct 
12a is the hydride reduction and subsequent acetylation of the resulting diol 40, 
affording diacetylated compound 41. The reduction was performed with a saturated 
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solution of lithium aluminium hydride in THF. Completion of the reduction was 
detected readily by the disappearance of the carbonyl absorptions of the anhydride 
in the IR-spectrum. The acetylation, in turn, was followed by the reappearance of a 
carbonyl absorption. According to infrared analyses, both reactions went smoothly to 
give the desired immobilised products 40 and 41, respectively. 
 
 
O
O
O HO
OH OAc
AcO
LiAlH4
THF
Et3N, DMAP
Ac2O
12a 40 41  
 
Scheme 2.20 
 
 The immobilised benzoquinone adduct 12c was subjected to the alkaline 
epoxidation reaction (Scheme 2.21). This epoxidation reaction has already been 
described for the silica-bound cyclopentadiene adduct 22b in paragraph 2.2.4. 
Although this reaction proceeds readily in solution22, no epoxidation took place at all 
with immobilised cyclopentadiene adduct 12c as was shown by infrared 
spectroscopy. In addition, thermolysis of the resulting resin afforded benzoquinone 
as the only cycloreversion product. A possible explanation might be the poor 
swelling capacity of the solvent mixture used, viz. acetone and water. The active sites 
on the resin may not be accessible for the basic hydroperoxide, blocking the 
epoxidation. However, other epoxidation methods using more suitable solvents 
(Table 2.6, entries 2,3), including one method especially designed for solid-phase 
synthesis (Table 2.6, entry 4)34, did not alter the result. The desired epoxide 42 was 
not formed. Hence, it can be concluded that other factors than a poor swelling 
capacity prevent the epoxidation of immobilised adduct 12c. 
 
4212c
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Scheme 2.21 
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Table 2.6 Methods tried for the epoxidation of immobilised benzoquinone adduct 12c. 
Entry Solvent Base Oxidising agent 
1 Acetone/water Na2CO3 H2O2 
2 Dichloromethane/methanol aq NaOH H2O2 
3 Dichloromethane aq Na2CO3 H2O2 
4 Dichloromethane/trichloroacetonitrile K2HPO4 H2O2 
 
Other reactions that work well for non-immobilised tricyclic cyclopentadiene 
benzoquinone adducts, viz. aromatisation of the quinone system or a [4+2]-Diels 
Alder reaction with dimethylbutadiene were also tried with immobilised adduct 24b. 
However, only starting material was recovered. Another conceivable reaction with 
an immobilised enone system is the three-component tandem reaction reported by 
Kuster and Scheeren35. Scheme 2.22 depicts the reaction, which was performed under 
high pressure with enol ether 43 and nitrostyrene 44. A significant C=O shift from 
1721 cm-1 to 1737 cm-1 and the appearance of a new signal at 1563-1565 cm-1 of a C-N 
bond vibration clearly indicated the formation of resin-bound domino adduct 45. 
This type reaction was also tried with immobilised cyclopentadiene adduct 12c 
applying the same conditions (Scheme 2.23). Infrared analysis, however, of the 
resulting resin showed that the expected product 46 was not formed. These negative 
results reveal that the enone moiety in immobilised adduct 12c is unexpectedly 
unreactive. 
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Scheme 2.23 
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Theoretically, it is possible that the double bond has undergone a second Diels 
Alder reaction with another immobilised cyclopentadiene moiety, to give the cross-
linked polystyrene resin 47, as shown in Figure 2.3. The high degree of cross-linking 
in resin 47 should be obvious from deteriorated swelling properties. However, when 
immobilised adduct 12c was suspended in dichloromethane, no reduced swelling 
compared to the Merrifield resin was observed. 
 
47
O
O
 
 
Figure 2.3 Cross-linking in immobilised adduct 12c. 
 
Additional experiments had to be performed to obtain more information on 
the possible existence of cross-linked structure 47. Both the bis-cyclopentadiene 
benzoquinone adduct 49 and its immobilised counterpart 50 were synthesised for 
comparison. The infrared spectral data of these adducts, listed in Table 2.7, provide 
the information required to unambiguously exclude the formation of cross-linked 
resin 47. The mono-adduct 48 of cyclopentadiene and benzoquinone showed a 
carbonyl absorption at 1662 cm-1 (entry 1), whereas absorption at 1689 cm-1 is 
characteristic for the di-adduct 49 (entry 2). Thus, an apparent distinction can be 
made between the presence of a mono- or a di-adduct, based on infrared spectral 
data. The immobilised cyclopentadiene adduct 12c only showed a strong absorption 
at 1663 cm-1 (entry 3), which strongly suggests that this adduct is present only as the 
mono-adduct. Finally, conclusive information was obtained from the reaction of 
immobilised cyclopentadiene 10 and the mono-adduct 48 of cyclopentadiene and 
benzoquinone (Scheme 2.24). The resulting immobilised structure showed a strong 
carbonyl absorption band at 1688 cm-1, confirming the formation of the di-adduct 50. 
Hence, the absence of carbonyl absorption at 1688 cm-1 in the infrared spectrum of 
immobilised adduct 12c, undoubtedly rules out the presence of a di-adduct structure. 
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Scheme 2.24 
 
Table 2.7 Infrared spectral data of benzoquinone adducts 
entry Adduct  Infrared absorptions (cm-1) 
1 
O
O  
48 1662 
2 
O
O  
49 1689 
3 
O
O  
12c 1663 
4 
O
O  
50 1688 
 
 
2.8 CONCLUDING REMARKS 
 
Cyclopentadiene was successfully immobilised on the Merrifield resin, 
affording a monomeric, thermally stable polymeric diene. A loading of up to 1.2 
mmole of cyclopentadiene / g of resin was achieved. The Diels Alder reactivity of the 
immobilised cyclopentadiene turned out to be reasonably good and comparable with 
the cyclopentadiene addition in solution. The retro-Diels Alder reaction, however, is 
not generally feasible; it is highly dependent on both the nature of the cycloadduct 
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and the cycloreversion products. Chemical modification of the immobilised 
cycloadducts is not always possible either. The immobilised benzoquinone adduct 
12c, for example, could not be chemically modified under reaction conditions that are 
common for the non-immobilised adduct. 
Silica-bound cyclopentadiene proved to be only moderately reactive in Diels 
Alder reactions. Furthermore, the scope of reactions possible with the silica-bound 
cycloadducts was seriously limited, because water was physisorbed during aqueous 
work-up. 
As a final conclusion, the Diels Alder/retro-Diels Alder concept is feasible for 
immobilised cyclopentadiene both on polystyrene and on silica. However, chemical 
modification of the immobilised adducts and the efficiency of their thermal 
cycloreversion is very much substrate dependent and does not allow a general 
protocol. In addition, the temperature required to accomplish the cycloreversion of 
the immobilised cyclopentadiene adducts 12 is generally too high both under 
dynamic and static conditions to be of practical use. Thus, immobilised 
cyclopentadiene 10 and its adducts cannot be applied in a combinatorial approach 
towards pharmaceutically interesting intermediates. 
 
 
2.9 EXPERIMENTAL SECTION 
 
General Remarks: 
 
Melting points were determined using a Reichert thermopan microscope (uncorrected), or 
using a Büchi Melting Point B-545 (corrected). 100 MHz 1H-NMR spectra were recorded on a 
Bruker AC-100 spectrometer, 200 MHz 1H-NMR spectra were recorded on a Bruker AC-200 
spectrometer and 300 MHz 1H-NMR and all 13C-NMR spectra were recorded on a Bruker 
AC-300 spectrometer using tetramethylsilane (TMS) as an internal standard. FTIR spectra 
were recorded on an ATI Mattson – Genesis Series FTIR spectrophotometer. DRIFT spectra 
were recorded using a BioRad FTS-25 spectrometer equipped with an in situ Diffuse 
Reflectance Infrared Fourier Transform (DRIFT) accessory. For high-resolution mass spectra 
a double focussing VG7070E mass spectrometer was used. GC/MS was performed on a 
Varian Saturn GC/MS (Ion trap) equipped with a DB-5 column (30m x 0,25mm). Elemental 
analyses were performed using a Carlo Erba Instruments CHNS-O EA 1108 element 
analyzer. Gas chromatographic (GC) analyses were performed on a Hewlett-Packard 
HP5890II gas chromatograph (flame ionisation detector, FID) equipped with an HP-3396II 
integrator, using a capillary column (HP-1, 25 m x 0.31 mm x 0.17 µm) and nitrogen at 2 
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ml/min (0.5 atm) as the carrier gas. Diethyl ether was distilled from sodium hydride. 
Tetrahydrofuran was distilled from sodium and benzophenone. Heptane and 
dichloromethane were distilled from calcium hydride. Ethyl acetate was distilled from 
potassium carbonate. Other solvents were distilled if necessary. The Merrifield resin used 
was obtained from Fluka and cross-linked with 1% divinylbenzene and contained 1.7 mmole 
Cl/g resin. 
 
Silica-bound Diels Alder adducts 22a-c  general procedure 
Silica-bound cyclopentadiene 21 (approx. 250 mg; 0.45 mmole/g) was stirred in a solution of 
the dienophile in toluene or methanol at room temperature. The reaction was followed by 
taking aliquots, which were filtered off, washed with diethyl ether (3x) and then analysed by 
DRIFT spectroscopy. Finally, the entire reaction mixture was worked up by filtration and 
washing with diethyl ether (3x). The yield was calculated from elemental analysis. 
 
Silica-bound 4-oxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 22a 
Silica-bound cyclopentadiene 21 was stirred with maleic anhydride (2.5 
equiv.) in toluene (20 ml) for 27 h, to give silica-bound cycloadduct 22a in a 
yield of 25%. 
Analysis found: C 7.02%, H 0.93%. DRIFT (KBr) ν (cm-1) 2979, 2935, 1868 (C=O), 1789 (C=O). 
 
Silica-bound tricyclo[6.2.1.02,7]undeca-4,9-diene-3,6-dione 22b 
Silica-bound cyclopentadiene 21 was stirred with p-benzoquinone (3 equiv.) 
in methanol (25 ml) for 17 h, to give silica-bound cycloadduct 22b in a yield 
of 16% 
Analysis found: C 7.00%, H 1.00%. DRIFT (KBr) ν (cm-1) 2981, 2933, 2847, 1674 (C=O). 
 
Silica-bound bicyclo[2.2.1]hept-5-ene-2,2,3,3-tetracarbonitrile 22c 
Silica-bound cyclopentadiene 21 was stirred with tetracyanoethylene (8 
equiv.) in toluene (25 ml) for 24 h, to give silica-bound cycloadduct 22c in a 
yield of 12%. 
Analysis found: C 6.33%, H 1.07%, N 0.3%. DRIFT (KBr) ν (cm-1) 2981, 2933, 2847, 1674 
(C=O). 
 
Preparation of silica-bound [3-(hydroxymethyl)bicyclo[2.2.1]hept-5-en-2-yl]methanol 23 
Silica-bound cycloadduct 22a (108 mg) was added to a suspension of 
lithium aluminium hydride (13 mg) in THF (10 ml). The reaction mixture 
was stirred at rt under argon-atmosphere for 17 h and then quenched with 
Si
O
O
O
Si CN
CN
CN
CN
Si
OH
OH
O
O
Si
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water. The resulting silica was filtered off and washed with diethyl ether (4x), affording silica 
23 as a white powder. 
DRIFT (KBr) ν (cm-1) 3500-3000 (br, OH), 2981, 2933, 1589. 
 
Immobilised cyclopentadiene 10 
Firstly, a solution of sodium cyclopentadienylide was prepared according to 
Hafner and Kaiser24a,36, as follows: Sodium (4.93 g, 0.21 mole) was dispersed in 
refluxing toluene under vigorous stirring. After cooling, toluene was substituted by THF 
(125 ml, freshly distilled). Under a gentle nitrogen flow, freshly distilled cyclopentadiene (23 
ml, 0.27 mol) was added in portions of 5 ml over a period of 4 h. The pink solution was 
stirred overnight at room temperature; 15 ml of the resulting solution was added to a 
suspension of Merrifield resin (5.164 g) in THF (50 ml) under a nitrogen atmosphere. The 
reaction mixture was stirred gently at 45°C for 2.5 hours. The resin was then filtered off and 
succesively washed with water (175 ml), dichloromethane and methanol. The resin was 
finally dried under vacuum, yielding immobilised cyclopentadiene 10. Titration of released 
Cl- revealed that 1.19 mmole Cl/g of the Merrifield resin was functionalised (70%), giving a 
loading of 1.15 mmole cyclopentadiene/g resin. IR (KBr) ν (cm-1) 3062, 3025, 2912, 2842, 1600, 
1510, 1492, 1451, 1362, 1018, 898, 755, 691. 
 
Immobilised Diels Alder adducts 12a-h  general procedure 
Immobilised cyclopentadiene 10 (100 mg) was suspended in DMF (10 ml). A large excess 
(~10 equiv.) of the dienophile was added and the reaction mixture was stirred at room 
temperature for 2 to 4 h. The resin was filtered and washed succesively with methanol and 
dichloromethane (both 3x), and dried in vacuum, affording immobilised Diels Alder adducts 
12a-h in yields as listed in Table 2.3. 
 
Immobilised 4-oxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 12a 
IR (KBr) ν (cm-1) 3020, 2918, 2842, 1858 (C=O), 1771 (C=O), 1600, 1492, 1451, 
1223, 1077 (C-O), 900, 754, 688. 
 
 
Immobilised bicyclo[2.2.1]hept-5-ene-2,2,3,3-tetracarbonitrile 12b 
IR (KBr) ν (cm-1) 3024, 2914, 2250 (CN), 1600, 1491, 1432, 1017, 758, 692. 
Analysis found: N 6.0 ±0.4%, corresponding to 1.25 ±0.1 mmole/g 
cyclopentadiene reacted. 
 
 
 
O
O
O
CN
CN
CN
CN
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Immobilised tricyclo[6.2.1.02,7]undeca-4,9-diene-3,6-dione 12c 
IR (KBr) ν (cm-1) 3025, 2918, 1669 (C=O), 1599, 1486, 1449, 754, 685. 
 
 
Immobilised diethyl bicyclo[2.2.1]hept-5-ene-2,3-dicarboxylate 12d 
IR (KBr) ν (cm-1) 3024, 2918, 1728 (C=O), 1600, 1492, 1451, 1368, 1027, 754, 
691. 
 
Immobilised bicyclo[2.2.1]hept-5-ene-2-carbaldehyde 12e 
IR (KBr) ν (cm-1) 3024, 2945, 2895, 2826, 1717 (C=O), 1600, 1507, 1491, 1174, 
747, 689. 
 
Immobilised 4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 12f 
IR (KBr) ν (cm-1) 3058, 3020, 2908, 2845, 1768 (C=O), 1709 (C=O), 1598, 1490, 
1448, 1336, 1153, 1018, 751, 688. Analysis found: N 0.85%, corresponding to 
0.64 mmole/g cyclopentadiene reacted. 
 
Immobilised 4-chlorotricyclo[6.2.1.02,7]undeca-4,9-diene-3,6-dione 12g 
IR (KBr) ν (cm-1) 3084, 3061, 3027, 2933, 1695 (C=O), 1662, 1599, 1510, 1492, 
1451, 1249, 1179, 1026, 747, 686. 
 
Immobilised 4-phenethyl-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 12h 
IR (KBr) ν (cm-1) 3020, 2909, 2848, 1770 (C=O), 1690, 1680, 1598, 1490, 
1448, 1349, 1151, 1025, 747, 686. Analysis found: N 1.12%, 
corresponding to 0.95 mmole/g cyclopentadiene reacted. 
 
Cycloreversion of immobilised adducts 12 under dynamic thermal conditions  general procedure 
Immobilised adducts 12 were placed in the quartz tube of the FVT set-up (Figure 2.1). The 
thermolysis oven was heated to 150-250°C for 2 h at a reduced pressure of 0.05 mbar. The 
receiving cooler was then rinsed with dichloromethane (3x). Evaporation of the solvent at 
reduced pressure gave the cycloreversion products as was determined by GC, EI/GC-MS or 
NMR (Table 2.4). 
 
Cycloreversion of immobilised adduct 12a 
Resin 12a (120 mg; 0.74 mmole of adduct/g resin) was heated at 200°C for 3 h, followed by 3 
h at 250°C, yielding maleic anhydride (7.8 mg; 0.08 mmole = 0.66 mmole/g) in the receiving 
cooler as determined by GC. Yield: 89%. 
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Cycloreversion of immobilised adduct 12c 
Resin 12c (297 mg; 0.71 mmole of adduct/g resin) was heated at 200°C for 1 h, affording 
benzoquinone (21 mg; 0.19 mmole = 0.65 mmole/g) in the receiving cooler as determined by 
GC. Yield: 93%. 
Cycloreversion of immobilised adduct 12d 
Resin 12d (144 mg; 0.37 mmole of adduct/g resin) was heated at 200°C for 1.5 h, affording 
diethyl maleate (3.9 mg; 0.023 mmole = 0.16 mmole/g) in the receiving cooler. Yield: 43%. 
EI/GC-MS: m/e (%) 173 (M+1+), 127 (100, M+ - C2H5O), 99 (M+ - C3H5O2), 82 (M+ - C2H5O - 
C2H5O). 
 
Cycloreversion of immobilised adduct 12g 
Resin 12g (106 mg; 0.90 mmole of adduct/g resin) was heated at 200°C for 3 h, affording 2-
chlorobenzoquinone (3.3 mg; 0.023 mmole = 0.22 mmole/g) in the receiving cooler as 
determined by GC. Yield: 21%. 
 
Cycloreversion of immobilised adduct 12h 
a) Resin 12h 238 mg; (0.80 mmole of adduct/g resin) was heated at 200°C for 3 h, affording 1-
phenethyl-2,5-dihydro-1H-2,5-pyrroledione (1.1 mg; 5.5x10-3 mmole = 0.02 mmole/g) on the 
receiving cooler. Yield: 3%. 1H-NMR (200 MHz, CDCl3) δ (ppm) 7.21-7.40 (m, 5H, arom), 6.66 
(s, 2H, HC=CH), 3.76 (t, J = 3.9 Hz, 2H, NCH2), 2.89 (t, J = 3.6 Hz, CH2Ph). 
b) Resin 12h (220 mg; 0.80 mmole of adduct/g resin) was heated at 250°C for 2 h, affording 1-
phenethyl-2,5-dihydro-1H-2,5-pyrroledione (3.7 mg; 0.018 mmole = 0.08 mmole/g) on the 
receiving cooler. Yield: 10%. 1H-NMR (200 MHz, CDCl3) δ (ppm) 7.21-7.40 (m, 5H, arom), 
6.66 (s, 2H, HC=CH), 3.76 (t, J = 3.9 Hz, 2H, NCH2), 2.89 (t, J = 3.6 Hz, CH2Ph). 
 
4-oxo-4-(phenethylamino)-2-butenoic acid 31 
2-phenethylamine (1.39 g, 11.5 mmole) was dissolved in diethyl ether (40 
ml) and cooled to 10°C. A solution of maleic anhydride (1.69 g, 17.3 mmole; 
1.5 equiv.) in THF (30 ml) was added dropwise over a period of 30 min. 
The reaction mixture was stirred 1 h at room temperature, after which the 
resulting white suspension was filtered off. The solid (2.88 g) was taken up in a saturated 
sodium bicarbonate solution, which was then extracted with diethyl ether to remove the 
excess of maleic anhydride. The aqueous layer was acidified with hydrochloric acid (1 M) 
until precipitation occurs (pH =2), followed by extraction with ethyl acetate (2x). The 
combined organic layers were dried with magnesium sulfate and evaporated to give 4-oxo-4-
(phenethylamino)-2-butenoic acid as a white solid (1.76 g, 8.0 mmole). Yield 70%. 
1H-NMR (300 MHz, CDCl3) δ (ppm) 7.19-7.35 (m, 5H, arom), 7.03 (br.s, 1H, OH), 6.31 and 
6.25 (qAB, JAB = 4.2 Hz, 2H, HC=CH), 3.69 and 3.64 (qAB, JAB = 2.4 Hz, 2H, N-CH2), 2.92 (t, J = 
N
OH
O
O
H
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2.4 Hz, 2H, CH2Ph). 13C-NMR (75 MHz, CDCl3) δ (ppm) 166.03 (C=O), 165.20 (C=O), 137.59, 
136.49, 130.96, 128.79, 128.59, 126.89, 41.53, 34.67. IR (KBr) ν (cm-1) 3226, 3056, 2979, 1709, 
1638, 1524, 1454, 1408, 1382, 1128. 
 
1-phenethyl-2,5-dihydro-1H-2,5-pyrroledione 32 
4-oxo-4-(phenethylamino)-2-butenoic acid 31 (822 mg, 3.75 mmole) was 
dissolved in acetic anhydride (50 ml). Sodium acetate (254 mg, 3.1 mmole) 
was added and the mixture was stirred overnight at 120°C. Acetic 
anhydride was distilled off under reduced pressure (4 mmHg). The resulting black oil was 
washed with refluxing heptane, which was then decanted. This procedure was repeated 
twice. The combined heptane phases were then evaporated to give the crude product as a 
yellow solid (1.55 g, 91%), which was pure enough for further use. Recrystallisation from 
heptane gave yellow needles. 
Mp. 110-112°C (lit.27 112°C). 1H-NMR (300 MHz, CDCl3) δ (ppm) 7.19-7.30 (m, 5H, arom), 
6.65 (s, 2H, HC=CH), 3.77 (t, J = 2.5 Hz, 2H, N-CH2), 2.90 (t, J = 2.5 Hz, 2H, CH2Ph). 13C-NMR 
(75 MHz, CDCl3) δ (ppm) 170.46 (C=O), 137.73, 133.93, 128.73, 128.46, 126.58, 39.02, 34.41. 
 
Chlorinated Wang-resin 38 
Wang resin (approx. 2 g, 0.45 mmole/g) was suspended in 
dichloromethane (40 ml). Dichlorotriphenylphosphorane (1.81 g, 3 
equiv.) and imidazole (0.37 g, 3 equiv.) were added and the mixture was 
stirred for 17 h. The resin was filtered and washed succesively with dichloromethane and 
methanol and then dried in vacuo, yielding chlorinated Wang resin 38. 
IR (KBr) ν (cm-1) 3431, 3059, 3024, 2911, 2847, 1600, 1583, 1511, 1492, 1451, 1371, 1302, 1233, 
1173, 1012, 905. 
 
Wang resin-bound cyclopentadiene 39 
This resin was prepared according to the procedure described for 
immobilised cyclopentadiene 10, starting from chlorinated Wang resin 
38 (1.87 g). Usual work-up afforded resin 39 (1.99 g). 
 
Wang resin-bound tricyclo[6.2.1.02,7]undeca-4,9-diene-3,6-dione 35 
Resin 39 (501 mg) was suspended in dichloromethane (20 ml). A 
large excess of the p-benzoquinone (161 mg; 1.5 mmole) was added 
and the reaction mixture was allowed to stir at room temperature 
for 17 hours. The resin was filtered and washed succesively with methanol and 
dichloromethane (both 3x), and dried in vacuum, affording functionalised Wang resin 35 
(545 mg). Yield: 0.75 mmole cycloadduct/g resin. IR (KBr) ν (cm-1) 1668. 
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Cleavage from Wang resin 35 
Resin 35 (117 mg) was stirred in a 1:1 mixture of dichloromethane and trifluoroacetic 
acid/water (95:5) for 2.5 h. The resin was filtered and washed with methanol and 
dichloromethane. The filtrate was concentrated in vacuo, affording a mixture containing three 
products in a ratio 2:1:1, which were identified as three isomers of 36. 
EI/GC-MS: m/e (%) (I) 280 (M+, 100), 265 (10.12), 173 (36.48), 160 (19.00), 131 (19.44), 107 
(35.07); (II) 280, 252, 173, 158, 107, 91, 77; (III) 280, 174, 158, 107, 71. 
 
Treatment of immobilised 4-oxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 12a with ethanol 
Polymer-bound adduct 12a (73 mg) was suspended in ethanol (10 ml) and 
a few drops of sulfuric acid were added. The reaction  mixture was then 
stirred at reflux for 3 h. The resin was filtered off, washed succesively with 
dichloromethane and methanol, affording resin 12d (78 mg). 
IR (KBr) ν (cm-1) 3449, 3024, 2900, 1781, 1740 (C=O), 1600, 1512, 1492, 1452, 1368. 
 
Immobilised [3-(hydroxymethyl)bicyclo[2.2.1]hept-5-en-2-yl]methanol 40 
Polymer-bound adduct 12a (101 mg) was suspended in THF (10 ml). A 
saturated solution of lithium aluminium anhydride in THF (4 ml) was 
added and the mixture was stirred for 4.5 h. The resin was filtered off and 
washed with water, aqueous hydrochloric acid, methanol and dichloromethane. 
IR (KBr) ν (cm-1) 3461 (OH), 3020, 2918, 2842, 1583, 1454. 
 
Immobilised 3-[(acetyloxy)methyl]bicyclo[2.2.1]hept-5-en-2-ylmethyl acetate 41 
Polymer-bound diol 40 (76 mg) was suspended in dichloromethane (7.5 
ml). Acetic anhydride (303 mg), triethylamine (194 mg) and DMAP (25 mg) 
were added. The mixture was stirred at room temperature for three hours, 
filtered off and washed alternately with dichloromethane and methanol, affording resin 41 
(70 mg). 
IR (KBr) ν (cm-1) 3450 (OH), 3020, 2912, 1733, 1492, 1362, 1224 (C-O), 1024. 
 
Attempted syntheses of immobilised exo-4,5-epoxy-endo-tricyclo[6.2.1.02,7]undeca-9-en-3,6-dione 42 
Procedure 1: resin 12c (203 mg) was suspended in acetone (20 ml). A solution of sodium 
carbonate (0.5 g) in water (3 ml) was added and the reaction mixture was cooled to 0°C. A 
30% hydrogen peroxide solution (5 ml) was added and stirred for 1 h, followed by additional 
stirring at room temperature for 17 h. After addition of water, the resin was filtered off, 
washed succesively with water, dichloromethane and methanol. No difference with the 
starting material was observed in the infrared spectrum. 
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Procedure 2: resin 12c was suspended in dichloromethane (4 ml) and methanol (2 ml). An 
aqueous 0.088 M sodium hydroxide solution (2 ml) was added and the reaction mixture was 
cooled to 0°C. A 30% hydrogen peroxide solution (0.5 ml) was added, followed by additional 
stirring at room temperature for 3 h. After addition of water, the resin was filtered off, 
washed succesively with water, dichloromethane and methanol. No difference with the 
starting material was observed in the infrared spectrum. 
Procedure 3: resin 12c (203 mg) was suspended in dichloromethane (15 ml). A solution of 
sodium carbonate (0.5 g) in water (4 ml) was added and the reaction mixture was cooled to 
0°C. A 30% hydrogen peroxide solution (5 ml) was added and stirred for 1 h, followed by 
additional stirring at room temperature for 17 h. After addition of water, the resin was 
filtered off, washed succesively with water, dichloromethane and methanol. No difference 
with the starting material was observed in the infrared spectrum. 
Procedure 4: resin 12c (232 mg) was suspended in dichloromethane (6 ml). 
Trichloroacetonitrile (2.0 g; 14 mmole), potassiumhydrogenphosphate (0.51 g) and 30% 
hydrogen peroxide solution (1 ml) was added. The mixture was heated at reflux for 3 h, 
followed by filtration. The obtained resin was washed succesively with methanol, 
dichloromethane and diethyl ether and finally dried in vacuo. No difference with the starting 
material was observed in the infrared spectrum. 
 
Attempted synthesis of polymer-bound 8-ethoxy-6-phenyl-9,11-dioxa-10-azapenta-
cyclo[13.2.1.02,14.04,12.05,10]octadec-16-ene-3,13-dione 46 
Resin 24b (97 mg), nitrostyrene 44 (40 mg; 0.27 mmole) and ethylvinylether 43 (27 mg; 0.32 
mmole) were added to dichloromethane and placed in a 7.5 ml Teflon vessel at 15 Kbar, 
room temperature, for 17 h. After depressurisation, the resin was filtered off, washed with 
dichloromethane and methanol, then dried in vacuo, affording 97 mg of resin. 
IR (KBr) ν (cm-1) 3025, 2912, 1712, 1664, 1600, 1492, 1451, 1180, 1018. 
 
Pentacyclo[10.2.1.15,8.02,11.04,9]hexadeca-6,13-diene-3,10-dione 49 
Tricyclo[6.2.1.02,7]undeca-4,9-diene-3,6-dione (351 mg; 2 mmole) was dissolved 
in dichloromethane (10 ml). Cyclopentadiene (0.2 ml) was added and the 
reaction mixture was stirred for 17 h at room temperature. Dichloromethane 
was then evaporated, yielding di-adduct 49 as a white powder (380 mg). 
1H-NMR (100 MHz, CDCl3) δ (ppm) 6.19 (t, 2H), 3.36 (m, 2H), 2.87 (m, 2H), 1.48 (m, 2H). IR 
(KBr) ν (cm-1) 1689 (C=O), 1448 (C-H stretch cyclohexane ring). 
 
 
 
 
O
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Immobilised pentacyclo[10.2.1.15,8.02,11.04,9]hexadeca-6,13-diene-3,10-dione 50 
Immobilised cyclopentadiene 10 (351,4 mg) was suspended in 
dichloromethane (12 ml). A large excess of tricyclo[6.2.1.02,7]undeca-4,9-
diene-3,6-dione (269 mg) was added and the reaction mixture was 
allowed to stir at room temperature for 5 days. The resin was filtered and washed alternately 
with methanol and dichloromethane (both 3x), and dried in vacuum, affording the 
immobilised di-adducts 44 in a yield of 388.0 mg, corresponding to a loading of 0.54 mmole 
of di-adduct/ g of resin. 
IR (KBr) ν (cm-1) 1688 (C=O). 
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IMMOBILISED ANTHRACENE AS AN 
ALTERNATIVE FOR CYCLOPENTADIENE 
IN THE DIELS ALDER/RETRO-DIELS 
ALDER CONCEPT 
 
 
 
 
3.1 INTRODUCTION 
 
 The cycloreversion of immobilised cyclopentadiene adducts is only successful 
when a dynamic thermolysis procedure is applied at relatively high temperatures 
(Chapter 2). Using these conditions, the resin with the modified cycloadduct is 
heated as such at reduced pressure and the products formed are trapped at low 
temperatures. Obviously, this technique is only applicable when the cycloreversion 
products are reasonably volatile. If this is not the case, they will not be able to escape 
from the polymeric matrix. Attempts to accomplish the retro-Diels Alder reaction of 
immobilised cycloadducts under static conditions in a high boiling solvent failed 
completely, apparently due to the fairly high temperatures required for such 
cycloreversion. As a static approach is preferred over a dynamic thermolysis in a 
combinatorial synthesis, a decrease in cycloreversion temperature is required. For 
this reason, other dienes such as anthracene and furan were selected as alternatives 
for cyclopentadiene. The aromatic character of these dienes promotes their formation 
in the cycloreversion of the corresponding cycloadducts at temperatures 
considerably lower than required for the cycloreversion of cyclopentadiene adducts. 
3  
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A striking example illustrating that anthracene adducts undergo cycloreversion more 
readily than the corresponding cyclopentadiene adducts is depicted in Scheme 3.1. 
Hudrlik et al.1 found that 2-methyleneoxetane 2 can be obtained from the 
cycloreversion of its anthracene adduct 3 at 330°C, whereas the cyclopentadiene 
adduct 1 does not show cycloreversion until a temperature of 600°C is reached2. 
 
O
+
O +
O
O600°C
330°C
21
3 2
 
Scheme 3.1 
 
On the other hand, when cycloadducts are formed with anthracene or furan in 
the Diels Alder process, the obvious loss of aromaticity is not that large to prevent an 
effective [4+2]-cycloaddition reaction for most dienophiles. Both anthracene and 
furan are known to be good dienes in most cases.3 Adducts of these dienes have been 
used before in the Diels Alder/retro-Diels Alder strategy, especially when 
cyclopentadiene adducts turned out to be inadequate for this purpose.4 This is 
particularly true when the cycloreversion had to be carried out under static thermal 
conditions, viz. in a high-boiling solvent.4a However, cyclopentadiene may not be 
replaced by anthracene or furan in all cases. Either the diene reactivity of the latter 
dienes may be insufficient to allow an efficient Diels Alder cyclisation, or the 
cycloadducts may be too unstable to survive the reaction conditions required for the 
chemical modifications before cycloreversion. In particular, the lability of furan 
adducts towards acidic reagents may be a serious problem. In this Chapter, the 
synthesis and the possible application of polymer-bound anthracene in the Diels 
Alder/retro-Diels Alder methodology will be reported, while the chemistry of 
immobilised furan will be discussed in Chapter 5. 
 In contrast to cyclopentadiene, hitherto immobilised anthracene has not been 
reported. Therefore, a convenient and efficient synthetic route towards immobilised 
anthracene had to be established first. 
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3.2 SYNTHESIS OF THE ANTHRACENE DERIVATIVES TO BE 
IMMOBILISED 
 
 Similar to the immobilisation of cyclopentadiene on the Merrifield resin, 
anthracene may be attached to this resin via a nucleophilic substitution of the radical 
anion of anthracene. However, it has been demonstrated that attempts to accomplish 
such a nucleophilic substitution for simple systems failed and only resulted in 9,10-
dihydroanthracene after quenching with water or alcohols.5,6 Notwithstanding these 
discouraging reports, the reaction of the radical anion of anthracene with benzyl 
chloride was tried as a model reaction. However, in full accord with the literature, no 
substitution was observed at all, proving that this route towards immobilised 
anthracene is not a feasible one. 
A more realistic approach might be the use of an appropriately substituted 
anthracene derivative, which allows nucleophilic substitution at the benzyl chloride 
moiety in the Merrifield resin. An obvious choice would be the Williamson ether 
synthesis using an alkanol-substituted anthracene. This approach is depicted in 
Scheme 3.2. This SN2-type substitution is a general method to obtain polymer-bound 
alcohols 6, starting from the Merrifield resin 4 and alkanolates 57.  
 
+
4 5 6
Cl MR O O R
 
Scheme 3.2 
 
 Interestingly, this approach allows linking of the anthracene moiety to the 
resin at different positions in the aromatic system, depending on the structure of the 
starting anthryl alkanol. Linking may be realised either at the central ring, which 
contains the diene moiety that is involved in the Diels Alder process, or at the outer 
rings. Such change in linking positions will certainly have considerable impact on 
both the Diels Alder reactivity and subsequent chemical transformations of the 
resulting adduct. All possible anthryl alkanols are depicted in Figure 3.1. 
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Figure 3.1 Possible anthryl alkanols. 
 
 The anthryl alkanols 7 have the alkanol unit at the central ring, i.e. the 9-
position of anthracene (Figure 3.1). The number of carbon atoms n of this alkanol 
moiety determines the length of the linker between the polymeric backbone and 
anthracene after immobilisation. The two other series of anthryl alkanols comprise 
the 1- or 2-substituted anthracene derivatives 8 and 9. Interestingly, after 
immobilisation of the latter anthryl alkanols on the Merrifield resin, the central ring, 
which will be involved in the Diels Alder reaction, will be at a greater distance from 
the polymeric backbone than in the 9-anthrylalkanols 7 having the same number n of 
carbons in the alkanol substituent. The anthrylalkanols 8 and 9 thus contain an 
intrinsic spacer. The 9-methanol- and 9-ethanol substituted anthracenes 7a and 7b, 
and 1- or 2-methanol substituted anthracenes 8 and 9 were selected for this 
investigation. These derivatives allow a study of the effect of both the linkage length 
and the linkage position on the various transformations encountered in this project. 
Whereas 9-anthrylmethanol 7a could be purchased, 9-anthrylethanol 7b had 
to be prepared in a three-step synthesis (Scheme 3.3). An excellent overall yield of 
66% was obtained after bromination of anthracene 108, affording 9-bromoanthracene 
11, followed by lithium exchange and reaction with oxirane.9  
 
 
Br
CuBr2 1) n-BuLi
2) O
OH
10 11 7b98% 67% 
 
Scheme 3.3 
 
 The synthesis of anthryl alkanols 8 and 9 has been accomplished as depicted 
in Scheme 3.4. Although both 1-chloroanthracene 13a and 2-chloroanthracene 13b 
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were commercially available, the former was synthesised from 1-
chloroanthraquinone 12 applying a zinc reduction10. The use of zinc with the proper 
physical appearance, viz. zinc dust, was necessary to accomplish a complete 
conversion. Thus, a large quantity of this material was obtained for testing the 
subsequent cyanation reaction11, which turned out to be very troublesome. However, 
after careful and detailed experimentation, cyanation of both chloroanthracenes 13a 
and 13b yielded the carbonitrile derivatives 14a and 14b in excellent yields. The 
concentration of the starting material turned out to be very crucial. Eventually, 
hydrolysis of the cyanides 14a and 14b with potassium hydroxide in ethylene glycol 
afforded the corresponding carboxylic acids 15a and 15b in yields of approximately 
90%. Reduction of these acids 15a and 15b with lithium aluminium hydride12,13 
completed the synthesis of the anthrylmethanols 8 and 9. 
 
LiAlH4
KOH
CuCNZn, OH-
OH
CNClO
O
Cl
12 1-Cl 13a 1-Cl: ~85%
    b 2-Cl
14a 1-CN: 80%
    b 2-CN: 77%
15a 1-COOH: 90%
    b 2-COOH: 89%
8 1-CH2OH: 75%
9 2-CH2OH: 84%
COOH
 
 
Scheme 3.4 
 
3.3 PREPARATION OF IMMOBILISED ANTHRACENE ON A 
POLYSTYRENE-BASED RESIN 
 
 For the immobilisation of anthracene on a polystyrene-based resin as shown in 
Scheme 3.5, the anthryl alcohols 7 had to be converted into their sodium salts 16, in 
order to react with the Merrifield resin. These salts were prepared either with sodium 
in THF or with sodium hydride in DMF. The latter method gave a clear solution, 
which in a subsequent reaction with Merrifield resin 4 at room temperature for 17 
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hours, resulted in a moderate yield of the desired immobilised anthracene (entry 4, 
Table 3.1). Reaction in THF, on the other hand, afforded immobilised anthracene 17a 
in a comparable loading at reflux temperature and using sodium as a base (entry 1-3, 
6, Table 3.1). Unexpectedly, applying reaction temperatures above room temperature 
in DMF, the loading of anthracene on the Merrifield resin did not increase, but 
instead dropped to zero (entry 5, Table 3.1). Noteworthy are also the results of the 
immobilisation of 9-anthrylethanol 7b on the Merrifield resin, shown in entries 7-10 
(Table 3.1). In contrast to the immobilisation of 9-anthrylmethanol, the use of THF in 
combination with sodium as a base turned out to give the best loading in this case.  
 The efficiency of the immobilisation reactions presented in entries 2-4, 7 and 
10 of Table 3.1 were determined by measuring the weight increase of the resin after 
the reaction. In these cases, the weight increase was significantly higher than the 
inaccuracy error in weighing, which allowed an acceptably accurate determination of 
the loading. At a smaller scale (entries 1, 8), the weight increase did not provide a 
reliable estimation of the loading and a chloride determination using a Vollhard 
titration (see paragraph 2.3) would thus have been better. However, the 
immobilisation of anthracene was generally performed at such a scale that the weight 
increase was the easiest and therefore preferred method to determine the loading. 
 
Table 3.1 Immobilisation of anthryl alcohols. 
entry n base solvent conditions amount Merrifield 
resin (g) 
weight 
increasea (mg) 
Loadingb 
(mmole/g) 
1 1 Na THF reflux, 1.5 h 0.1800 4.3 c) 
2 1 Na THF reflux, 17 h 0.2200 27.1 0.64 
3 1 Na THF reflux, 18 h 0.2418 27.9 0.60 
4 1 NaH DMF rt, 17 h 6.389 952 0.76 
5 1 NaH DMF 54°C, 17 h 1.1258 <0 0 
6 1 KH THF rt, 17 h 0.5358 <0 0 
7 2 Na THF reflux, 17 h 0.3239 58.6 0.87 
8 2 Na THF rt, 17 h 0.5163 18.3 c) 
9 2 KH THF rt, 17 h 0.3071 <0 0 
10 2 NaH DMF rt, 17 h 1.2127 77.9 0.33 
a) Absolute weight increase of the resin after reaction, filtration, washings and drying. 
b) Loading of anthracene on the resulting resin. 
c) No reliable estimation based on weight increase measurements could be made. 
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Scheme 3.5 
 
 The immobilisation process was also carried out with anthryl alcohols 8 and 9 
(Scheme 3.6). Since the use of sodium hydride as a base and DMF as a solvent gave 
the best results for alcohols 7, these conditions were applied for the immobilisation of 
1-anthrylmethanol 8 and 2-anthrylmethanol 9. The loadings of the resulting 
immobilised anthracenes 19a and 19b, again based on weight increase 
measurements, were 0.55 and 0.85 mmole of anthracene per gram of resin, 
respectively. 
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Scheme 3.6 
 
Interestingly, only moderate loadings were obtained in the coupling of all the 
anthryl alcohols to the Merrifield resin, whereas coupling of the cyclopentadienyl 
anion to the Merrifield resin gave considerably better loadings, viz. up to 1.19 and 
1.09 mmole / g in THF and toluene, respectively (see Chapter 2, page 25). 
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3.4 DIELS ALDER REACTIONS WITH ANTHRACENE IMMOBILISED ON 
A POLYSTYRENE-BASED RESIN 
 
 The immobilised anthracene derivatives were reacted with a series of reactive 
dienophiles to study their Diels Alder reactivity. In order to establish the basic dienic 
activity of these anthracene derivatives, the Diels Alder reactions were performed in 
solution first, using parent anthracene, and applying standard procedures from the 
literature14. These cycloadditions of anthracene with the dienophiles listed in Table 
3.2 were accomplished in reasonable to good yields, when high temperatures were 
employed. According to a kinetic study on the Diels Alder reactivity of substituted 
anthracenes with maleic anhydride by Sauer and Sustmann15, it might be expected 
that 9-substituted anthracene derivatives and thus the immobilised anthracene 
derivatives have a similar reactivity in the cycloaddition reaction. The solvents used, 
viz. o-dichlorobenzene or a mixture of xylenes, are not compatible with the Merrifield 
resin, i.e. these solvents do not lead to sufficient swelling of the Merrifield resin, and 
must therefore be replaced by DMF when immobilised anthracenes are used in these 
reactions. 
 
Table 3.2 Diels Alder reactions with anthracene, applying standard procedures14. 
entry Dienophile Conditions Yield (%) 
1 Maleic anhydride PhCl2, 3 h, 130°C 94 
2 Benzoquinone Xylene, 17 h, 140°C 69 
3 Maleimide Xylene, 17 h, 140°C 95 
4 Tetracyanoethylene Xylene, 17 h, 140°C 42 
 
Cycloaddition reactions were performed with the immobilised anthracenes 
17a and 19a-b, as depicted in Scheme 3.7. Immobilised 9-anthrylethanol 17b was not 
included in these experiments, since only a small amount of this resin with a 
reasonable loading was available. Initially, the reactions were performed in DMF at 
temperatures as high as 130°C. Product analysis was carried out using infrared 
spectroscopy. The appearance of strong carbonyl or cyanide absorptions clearly 
revealed that the reactions had taken place (see Table 3.3). An accurate quantitative 
analysis was performed by elemental analysis of the immobilised adducts 20b, 20d 
and 22a-b, which contain nitrogen. The loading of the immobilised cycloadducts was 
readily calculated from the amount of nitrogen present in the sample. For the 
cycloadducts 20a, 20c and 21a-b obtained from either benzoquinone or maleic 
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anhydride as the dienophiles, the tiny weight increase did not allow a reliable 
estimation of the reaction efficiency. 
 
Table 3.3 Diels Alder reactions with immobilised anthracene. 
entry preparation of solvent reaction 
time 
reaction 
temperature 
loading adduct 
(mmole/g) 
IR absorption 
(cm-1) 
1 20a DMF 24 h rt b) 1773 (m) 
2 20a DMF 24 h 140°C b) 1867, 1773 
3 20b CH2Cl2 10 days rt 0.47a) 1720 
4 20b DMF 17 h 150°C 1.22a) 1722 
5 20c CH2Cl2 10 days rt b) 1671 
6 20c DMF 17 h 140°C b) 1663 
7 20d DMF 24 h rt 0.63a) 2196 
8 20d DMF 24 h 130°C 0.75a) 2193 
9 21a DMF 17 h 130°C b) 1642 
10 21b DMF 17 h 130°C b) 1642 
11 22a DMF 17 h rt 0.46a) 2197 
12 22b DMF 17 h rt 0.76a) 2198 
a) Loading according to nitrogen content determined by elemental analysis. 
b) Reliable determination of the loading based on weight increase could not be accomplished. 
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The loadings of immobilised tetracyanoethylene adducts 20d, 22a and 22b 
clearly reveal the efficiency of the cycloaddition reaction of immobilised anthracene 
with tetracyanoethylene. For example, the reaction performed at room temperature 
for 24 hours (entry 7, Table 3.3), yielded immobilised cycloadduct 20d with a loading 
of 0.63 mmole/g of resin. In order to obtain one gram of resin 20d with such loading, 
80.6 mg (0.63 mmole) tetracyanoethylene must have reacted with 0.63 mmole 
anthracene immobilised on 919.4 mg of resin 17a, i.e. 0.68 mmole anthracene/g of 
resin 17a. Since the loading of the resin used in this reaction was 0.76 mmole 
anthracene/g of resin, the efficiency of the cycloaddition was 90%. In Table 3.4, the 
efficiencies of the other cycloaddition reactions with maleimide or 
tetracyanoethylene are listed. The nitrogen contents of maleimide adduct 20b (entry 
2) and tetracyanoethylene adduct 20d (entry 4) are beyond the values accounting for 
quantitative cycloaddition. Since both reactions were performed at temperatures 
above 130°C, it is likely that in these cases the resin has reacted with the solvent, 
explaining the high nitrogen contents. 
 
Table 3.4 Efficiency of cycloaddition of immobilised anthracene with tetracyanoethylene. 
entry preparation 
of 
loading on 
starting resin 
(mmole/g) 
nitrogen 
contenta) 
(%) 
loading 
cycloadductb) 
(mmole/g) 
anthracene 
reactedc)  
(mmole/g) 
efficiency 
(%) 
1 20b 0.48 0.66 0.47 0.49 100 
2 20b 0.48 1.71 d) d) d) 
3 20d 0.76 3.54 0.63 0.68 90 
4 20d 0.76 4.19 d) d) d) 
5 22a 0.55 2.55 0.46 0.49 89 
6 22b 0.85 4.23 0.76 0.84 99 
a)   Nitrogen content of resulting immobilised cycloadduct determined by elemental analysis. 
b)   Loading of the cycloadduct based on nitrogen content determined. 
c)   Anthracene on starting resin that has reacted to give the resulting cycloadduct. 
d)   Nitrogen content detemined exceeds maximum possible loading. 
 
In conclusion, all immobilised anthracenes studied give a cycloaddition with 
the reactive dienophiles shown in Table 3.2 at temperatures over 130°C. This was 
shown unequivocally by infrared analysis. In this respect, the immobilised 
anthracenes react similar as anthracene itself. Unfortunately, owing to the relative 
small amounts of immobilised anthracene used in these reactions combined with 
their relatively modest loading degree, no accurate and consistent determination of 
the weight increase appeared possible. Hence, no quantitative information could be 
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obtained about the exact loadings of the various immobilised anthracene adducts 
lacking nitrogen. The efficiency of the cycloaddition with maleimide or 
tetracyanoethylene, however, could be determined by elemental analysis, and turned 
out to be excellent. Notwithstanding the missing data on the loading, the 
immobilised adducts 20a-d were subjected to a cycloreversion study in order to get a 
qualitative impression of the feasibility of their cycloreversion. 
 
3.5 CYCLOREVERSION OF THE ANTHRACENE ADDUCTS 
IMMOBILISED ON A POLYSTYRENE-BASED RESIN 
 
 The four immobilised Diels Alder adducts 20a-d were subjected to thermolysis 
in order to accomplish cycloreversion. The procedure applied was similar to that 
used for the thermolysis of the immobilised cyclopentadiene adducts (chapter 2, § 
2.6), using the pyrolysis set-up as shown in Figure 2.2. None of the immobilised 
anthracene cycloadducts showed any cycloreversion at temperatures around 150°C. 
At 200°C, cleavage products were trapped in the receiving cooler, albeit in very small 
amounts. Maleimide was identified by NMR as the major component in the product 
mixture obtained after thermolysis of immobilised adduct 20b. The product mixtures 
obtained from the thermolysis of immobilised adducts 20a, 20c and 20d contained 
substantial amounts of anthracene derivatives, as indicated by NMR-resonances 
between 7 and 9 ppm. This observation suggests considerable decomposition of the 
resin, showing that the dynamic thermolysis protocol is not an option for a 
combinatorial cycloreversion approach of immobilised anthracene adducts. 
 As an alternative for the dynamic thermolysis protocol, the static thermolysis, 
using a highly boiling solvent, was considered to accomplish the desired 
cycloreversion of the immobilised anthracene adducts. In order to establish the best 
reaction conditions of such a process, the solution-phase cycloreversion of 
cycloadduct 23 was studied first (Scheme 3.8). Unfortunately, even in an extreme 
highly boiling solvent, like diphenyl ether (boiling point 240°C), no cycloreversion 
was observed at all. The starting material was recovered quantitatively. 
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The cycloreversion of immobilised cycloadducts 20 in refluxing diphenyl ether 
cannot be expected to give better results. In addition, swelling of the polystyrene-
based resin in diphenyl ether is poor, which is also not beneficial to the process. For 
these reasons, no further attempts were made to accomplish the cycloreversion of the 
immobilised anthracene adducts under static thermal conditions. 
 
3.6 CONCLUDING REMARKS 
 
 The immobilisation of anthracene on a polystyrene-based resin, viz. the 
Merrifield resin, was accomplished for the first time. For example, 9-anthrylmethanol 
7a is commercially available and was immobilised on the Merrifield resin with 
moderate efficiency using the Williamson ether synthesis. Similar alkanol substituted 
anthracenes, such as 9-anthrylethanol 7b and anthracene derivatives 8 and 9, with 
the alkanol substituent at the outer ring, were prepared in excellent yields and were 
subsequently immobilised using the same procedure. This procedure using alkanol 
substituted anthracenes allows linking of anthracene at either the central ring or the 
outer ring, affording the immobilised anthracene derivatives 17 and 19 with 
reasonable efficiency. 
Diels Alder reactions of the immobilised anthracene derivatives with reactive 
dienophiles in DMF at temperatures over 130°C or at room temperature and a longer 
reaction time, gave the corresponding immobilised Diels Alder adducts. 
Unfortunately, accurate data on the efficiency of these cycloadditions could only be 
obtained for nitrogen containing substrates. Elemental analyses of immobilised 
cycloadducts 20b, 20d and 22a,b revealed almost quantitative reactions with 
maleimide and tetracyanoethylene. 
The cycloreversion of the resulting adducts could not be achieved at 
temperatures below 150°C, neither using the dynamic thermal nor applying the static 
thermal approach. At temperatures over 200°C and using the dynamic thermal 
methodology, cycloreversion was only achieved for the maleimide adduct 20b. In all 
other cases, only small amounts of organic material were formed, mainly consisting 
of anthryl-containing products, instead of the expected cycloreversion products. 
Static thermal conditions did not lead to any cycloreversion of the non-immobilised 
cycloadducts, even at temperatures as high as 240°C in diphenyl ether. Since swelling 
of the Merrifield resin is negligible in diphenyl ether, no further attempts were made 
with the immobilised cycloadducts. 
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Overseeing the results of this study with the anthracene cycloadducts, the 
unfortunate conclusion must be drawn that the cycloreversion of anthracene Diels 
Alder adducts immobilised on a polystyrene resin is not an efficient process and does 
certainly not agree with the expectation that they would be thermally more labile 
than the corresponding cyclopentadiene adducts when subjected to dynamic 
thermolysis conditions. 
The final conclusion is therefore rather disappointing: immobilised anthracene 
is not a good alternative for immobilised cyclopentadiene in the solid-phase Diels 
Alder/retro-Diels Alder concept. 
 
3.7 EXPERIMENTAL SECTION 
 
General Remarks: 
 
Melting points were determined using a Reichert thermopan microscope (uncorrected), or 
using a Büchi Melting Point B-545 (corrected). 100 MHz 1H-NMR spectra were recorded on a 
Bruker AC-100 spectrometer, 200 MHz 1H-NMR spectra were recorded on a Bruker AC-200 
spectrometer and 300 MHz 1H-NMR and all 13C-NMR spectra were recorded on a Bruker 
AC-300 spectrometer using tetramethylsilane (TMS) as an internal standard. FTIR spectra 
were recorded on an ATI Mattson – Genesis Series FTIR spectrophotometer or a BioRad FTS-
25 spectrometer. For high-resolution mass spectra a double focusing VG7070E mass 
spectrometer was used. GC/MS was performed on a Varian Saturn GC/MS (Ion trap) 
equipped with a DB-5 column (30m x 0,25mm). Elemental analyses were performed using a 
Carlo Erba Instruments CHNS-O EA 1108 element analyzer. Gas chromatographic (GC) 
analyses were performed on a Hewlett-Packard HP5890II gas chromatograph (flame 
ionisation detector, FID) equipped with an HP-3396II integrator, using a capillary column 
(HP-1, 25 m x 0.31 mm x 0.17 µm) and nitrogen at 2 ml/min (0.5 atm) as the carrier gas. 
Diethyl ether was distilled from sodium hydride. Tetrahydrofuran was distilled from 
sodium and benzophenone. Heptane and dichloromethane were distilled from calcium 
hydride. Ethyl acetate was distilled from potassium carbonate. Other solvents were distilled 
if necessary. The Merrifield resin used was obtained from Fluka and cross-linked with 1% 
divinylbenzene and contained 1.7 mmole Cl/g resin. 
 
9-Bromoanthracene 11 
Anhydrous copper(II)bromide (22.6 g; 101 mmole) was added to a solution of 
anthracene (8.9 g; 50 mmole) in tetrachloromethane (250 ml). The reaction 
mixture was heated under reflux for 18 h. Copper(II)bromide was then 
removed by filtration and the filtrate was evaporated in vacuo to give an orange solid. The 
Br
 CHAPTER 3 
62 
crude product was purified by column chromatography (silica/tetrachloromethane), 
yielding 9-bromoanthracene 11 (12.5 g; 98%). 
Mp 97-100°C (lit.8c 96-102°C). 1H-NMR (100 MHz, CDCl3) δ (ppm) 8.6-8.4 (m, 3H, arom), 8.0-
7.9 (m, 2H, arom), 7.7-7.4 (m, 4H, arom). EI/GC-MS: m/e (%) 258/257 (87.1/100, M+), 176 (46, 
M+ - Br). 
 
2-(9-Anthryl)-ethanol 7b 
To an icecold solution of 9-bromoanthracene 11 (3.0 g, 11.7 mmole) in diethyl 
ether (100 ml) was added n-butyllithium (9 ml, 1.6 M in THF) in 5 min. 
Ethylene oxide was condensed on a cold trap (carbon dioxide/aceton) and 
then directly added dropwise to the cooled reaction mixture during 30 min. After 10 min 
additional stirring, saturated aqueous ammonium chloride solution (70 ml) and diethyl ether 
(50 ml) were added. The ether layer was separated and the aqueous layer extracted twice 
with dichloromethane (100 ml). The combined organic phases were then washed with water, 
dried with magnesium sulfate and evaporated in vacuo. The resulting yellow solid was 
purified by column chromatography (silica/dichloromethane), yielding 2-(9-anthryl)-1-
ethanol 7b (1.7 g, 67%). 
Mp 106-108°C (lit.9 106.5-107.5°C). 1H-NMR (100 MHz, CDCl3) δ (ppm) 8.4-8.3 (m, 3H, arom), 
7.6-7.4 (m, 4H, arom), 4.1-3.9 (m, 4H, CH2CH2). EI/GC-MS: m/e (%) 222 (30, M+), 191 (100, M+ 
- CH2OH). 
 
1-Chloroanthracene 13a 
Aqueous sodium hydroxide (2.5 M, 40 ml) was added to a suspension of 1-
chloroanthraquinone 12a (4.0 g, 16.5 mmole) and zinc dust (8.0 g, 0.122 mole) 
in water (140 ml). The mixture was vigorously stirred and heated under reflux 
for 2 h under an inert atmosphere. The reaction mixture was allowed to cool to room 
temperature and acidified with hydrochloric acid (2M), followed by extraction with ethyl 
acetate. The organic phase was separated, washed with a saturated aqueous sodium chloride 
solution and dried with magnesium sulfate. After evaporation of the solvent, the crude 1-
chloroanthracene 13a was obtained as a yellow solid (4.8 g). A part of the crude (500 mg) was 
purified by column chromatography (silica/heptane:ethyl acetate 6:1), yielding the pure 
compound (310 mg; 62%).  
Mp 81°C (lit.16 81-82°C). 1H-NMR (100 MHz, CDCl3) δ (ppm) 8.9 (s, 1H), 8.5 (s, 1H), 8.0-7.9 
(m, 3H), 7.6-7.4 (m, 4H). EI/GC-MS: m/e (%) 212/214 (100/30, M+), 176 (35, M+ - HCl). 
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1-Anthracenecarbonitrile 14a 
A mixture of the crude 1-chloroanthracene 13a (2.5 g, 11.8 mmole) and 
copper(I)cyanide (2.1 g, 23.5 mmole) in N-methylpyrrolidone (15 ml) was 
heated under reflux for 40 h in an inert atmosphere. The black reaction 
mixture was allowed to cool to 85°C, followed by addition of concentrated hydrochloric acid 
(2.5 ml), iron(III)chloride solution in water (0.53 g/ml, 7.5 ml) and water (15 ml). The mixture 
was stirred for 1.5 h at 75-80°C, and after cooling to room temperature, extracted with 
toluene (6x). The combined organic phases were washed with hydrochloric acid (5M), water, 
aqueous sodium carbonate and water, and then dried with magnesium sulfate. Evaporation 
in vacuo gave a light red solid, which was purified by crystallisation from benzene, yielding 
1-anthracenecarbonitrile 14a (1.92 g, 80%). Mp 137-140°C (lit.11a 140°C). 1H-NMR (100 MHz, 
CDCl3) δ (ppm) 8.8 (s, 1H), 8.5 (s, 1H), 8.3-7.9 (m, 4H), 7.6-7.5 (m, 3H). IR (KBr) ν (cm-1) 2221 
(sharp, CN). 
 
2-Anthracenecarbonitrile 14b 
Carbonitrile 14b was prepared in the same way as described for 
carbonitrile 14a, starting from commercially available 2-chloroanthracene 
13b (2.5 g, 11.8 mmole) in a yield of 1.83 g (77%). 
Mp 193-195°C (lit.11b 195°C). 1H-NMR (100 MHz, CDCl3) δ (ppm) 8.5 (m, 3H), 8.1-8.0 (m, 3H), 
7.6-7.5 (m, 3H). IR (KBr) ν (cm-1) 2223 (sharp, CN). 
 
Anthracenecarboxylic acid 15a,b  general procedure 
A mixture of anthracenecarbonitrile 14a or 14b (1.4 g; 6.9 mmole) and potassium hydroxide 
(18 g; 0.32 mole) in ethylene glycol was heated at 150-155°C until the formation of ammonia 
ceased (after approximately 40 h). The reaction mixture was allowed to cool to room 
temperature, affording a white suspension. Concentrated hydrochloric acid (40 ml) was 
added slowly and the resulting yellow precipitate was filtered off and washed thoroughly 
with water. The yellow solid was then taken up in diethyl ether and dried with magnesium 
sulfate. Evaporation in vacuo yielded the crude product, which was recrystallised from 
ethanol to give 1-anthracenecarboxylic 15a (1.38 g; 90%) or 2-anthracenecarboxylic acid 15b 
(1.37 g; 89%) as fine yellow-orange crystals. 
 
1-Anthracenecarboxylic acid 15a 
Mp 243-245°C sublimating (lit.12b 245-250°C). 1H-NMR (100 MHz, DMSO-d6) 
δ (ppm) 9.4 (s, 1H), 8.6 (s, 1H), 8.3-8.0 (m, 4H), 7.5-7.4 (m, 3H). IR (KBr) ν 
(cm-1) 3200-2700 (broad, OH), 1683 (strong, C=O), 1284, (strong, C-O). 
 
 
CN
CN
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2-Anthracenecarboxylic acid 15b 
Mp 276-280°C sublimating (lit. 17 281°C). 1H-NMR (100 MHz, DMSO-d6) 
δ (ppm) 8.8 (s, 2H), 8.7 (s, 1H), 8.2-7.9 (m, 4H), 7.6-7.5 (m, 3H). IR (KBr) 
ν (cm-1) 3200-2700 (broad, OH), 1678 (strong, C=O), 1288, (strong, C-O). 
 
Anthrylmethanols 8,9  general procedure 
Anthracenecarboxylic acid 15a or 15b (100 mg; 0.45 mmole) was added to a suspension of 
lithium aluminiumhydride (150 mg; 4.0 mmole) in THF (20 ml). After stirring at room 
temperature for 17 h, the reaction mixture was cooled to 0°C. Ethyl acetate (0.5 ml) was 
added followed by additional stirring for 1 h. Saturated aqueous sodium sulfate was added 
and the the resulting slurry was extracted twice with diethyl ether. The combined organic 
phases were washed with water and saturated aqueous sodium hydrogencarbonate, and 
then dried with magnesium sulfate. The crude product was then obtained as a yellow solid 
after evaporation. Recrystallisation from toluene/heptane gave pure 1-anthrylmethanol 8 (70 
mg, 75%), or 2-anthrylmethanol 9 (79 mg, 84%). 
 
1-Anthrylmethanol 8 
Mp 123-126°C (lit.18 125-126°C).  1H-NMR (300 MHz, CDCl3) δ (ppm) 8.69 (s, 
1H, arom), 8.46 (s, 1H, arom), 7.96-8.04 (m, 3H, arom), 7.40-7.53 (m, 4H, 
arom), 5.29 (s, 2H, CH2OH), 1.83 (s, 1H, OH). 13C-NMR (75 MHz, CDCl3) δ 
(ppm) 136.15, 131.89, 131.72, 131.42, 129.39, 128.88, 128.46, 127.85, 126.97, 125.55, 125.54, 
124.66, 124.58, 122.31, 64.03 (COH). IR (KBr) ν (cm-1) 3225 (br, OH), 1684 (s, C=O), 1284 and 
1269 (s, C-O). 
 
2-Anthrylmethanol 9 
Mp 220-222°C (lit.19 223-224°C).  1H-NMR (300 MHz, CDCl3) δ (ppm) 8.42 
(s, 2H, arom), 7.99-8.02 (m, 3H, arom), 7.96 (s, 1H, arom), 7.45-7.49 (m, 3H, 
arom), 4.90 (s, 2H, CH2OH), 1.78 (s, 1H, OH). 13C-NMR (75 MHz, CDCl3) δ 
(ppm) 137.61, 131.85, 131.69, 131.40, 131.11, 128.65, 128.09, 128.03, 126.13, 126.05, 125.39, 
125.30, 125.14, 124.85, 65.56 (COH). IR (KBr) ν (cm-1) 3267 (br, OH), 1687 (s, C=O), 1287 (s, C-
O). 
 
Immobilisation of anthryl alcohols  general procedure 
Method A) Anthryl alcohol was added to a little excess of sodium in freshly distilled THF 
and then stirred at room temperature. When all sodium had been dissolved, the solution was 
added to an exactly known quantity of the Merrifield resin. The reaction mixture was heated 
overnight at reflux, followed by filtration. The resulting resin was washed repeatedly with 
dichloromethane and methanol and finally dried in vacuo. 
COOH
OH
OH
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Method B) A solution of anthryl alcohol in DMF was added dropwise to sodium hydride 
(60% suspension in mineral oil, 1.05 eq.) in DMF. The reaction mixture was stirred until all 
sodium hydride had disappeared and was then added to an exactly known quantity of the 
Merrifield resin. After stirring for 24 h at room temperature, the resin was filtered off and 
washed with alternately dichloromethane and methanol (3x) and finally dried in vacuo. 
 
Immobilised 9-anthrylmethanol 17a 
A) The resin that was prepared according to method A from 9-
anthrylmethanol 7a (669 mg; 3.2 mmole), sodium (75 mg; 3.3 mmole) and 
Merrifield resin 4 (0.2201 g), afforded immobilised 9-anthrylmethanol 17a 
(0.2472 g). Yield: 42%, loading 0.64 mmole anthracene/g of resin. IR (KBr) ν 
(cm-1) 3079, 3055, 3021, 2919, 2850, 1598, 1490, 1445, 1262, 1068, 755, 690. 
B) The resin that was prepared according to method B from 9-anthrylmethanol 7a (3.34 g; 
16.0 mmole), sodium hydride (680 mg, 60% suspension in mineral oil; 17.0 mmole) and 
Merrifield resin 4 (6.389 g), afforded immobilised 9-anthrylmethanol 17a (7.341 g) with a 
loading of 0.76 mmole anthracene/g of resin. IR (KBr) ν (cm-1) 3078, 3055, 3020, 2918, 2847, 
1714, 1598, 1580, 1489, 1445, 1418, 1358, 1340, 1310, 1262, 1179, 1155, 1067, 1013. 
 
Immobilised 9-anthrylethanol 17b 
A) The resin that was prepared according to method A from 9-
anthrylethanol 7b (363 mg; 1.6 mmole), sodium (40 mg; 1.7 mmole) and 
Merrifield resin 4 (0.3239 g), afforded immobilised 9-anthrylethanol 17b 
(0.3865 g) with a loading of 0.87 mmole anthracene/g of resin.  
B) The resin that was prepared according to method B from 9-anthrylethanol 7b (800 mg; 3.6 
mmole), sodium hydride (215 mg, 60% suspension in mineral oil; 5.4 mmole) and Merrifield 
resin 4 (1.2127 g), afforded immobilised 9-anthrylethanol 17b (1.2906 g) with a loading of 
0.33 mmole anthracene/g of resin. 
IR (KBr) ν (cm-1) 3058, 3019, 2909, 2847, 1599, 1491, 1443, 1261, 1180, 1152, 1107, 1068, 1026, 
904, 824, 748, 690. 
 
Immobilised 1-anthrylmethanol 19a 
This resin was prepared following method B from 1-anthrylmethanol 8 
(147 mg; 0.7 mmole), sodium hydride (32 mg, 60% suspension in mineral 
oil; 0.8 mmole) and Merrifield resin 4 (413.7 mg), affording immobilised 
1-anthrylmethanol 19a (457.0 g) with a loading of 0.55 mmole 
anthracene/g of resin. IR (KBr) ν (cm-1) 3078, 3054, 3021, 2918, 2850, 1597, 1581, 1487, 1444, 
1353, 1308, 1260, 1179, 1061, 1016, 873. 
 
O
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Immobilised 2-anthrylmethanol 19b 
This resin was prepared following method B from 2-anthrylmethanol 9 
(171 mg; 0.8 mmole), sodium hydride (40 mg, 60% suspension in 
mineral oil; 1.0 mmole) and Merrifield resin 4 (416.2 mg), affording 
immobilised 2-anthrylmethanol 19b (487.7 mg) with a loading 0.85 mmole anthracene/g of 
resin. IR (KBr) ν (cm-1) 3079, 3058, 3019, 2918, 2848, 1598, 1492, 1444, 1353, 1260, 1179, 1059, 
1016, 872. 
 
Polymer-bound Diels Alder adducts  general procedure 
Polymer-bound anthracene (250 mg) was suspended in a solvent (DMF or CH2Cl2). A large 
excess (5-10 equiv.) of the dienophile was added and the reaction mixture was stirred. After 
filtration, the resulting resin was washed alternately with methanol and dichloromethane 
(both 3x), and dried in vacuum, affording the polymer-bound Diels Alder adducts. The 
loadings of the nitrogen containing immobilised cycloadducts were calculated from the 
nitrogen content determined by elemental analysis (see Table 3.3) 
 
Polymer-bound 17-oxapentacyclo[6.6.5.02,7.09,14.015,19]nonadeca-2(7),3,5,9(14),10,12-hexaene-16,18-
dione 20a 
i) Reaction of immobilised 9-anthrylmethanol (265.4 mg; 0.76 mmole/g) 
with maleic anhydride (101 mg; 1.0 mmole) in DMF (10 ml) at room 
temperature for 17 h, afforded resin 20a (254.3 mg). 
ii) Reaction of immobilised 9-anthrylmethanol (251.6 mg; 0.76 mmole/g) 
with maleic anhydride (108 mg; 1.1 mmole) in DMF (10 ml) at 140°C for 17 h, afforded resin 
20a (257.4 mg). 
IR (KBr) ν (cm-1) 3079, 3057, 3022, 2918, 2849, 1867 (C=O), 1773 (C=O), 1733, 1717, 1699, 1684, 
1653, 1600, 1490, 1450, 1374, 1362. 
 
Polymer-bound 17-azapentacyclo[6.6.5.02,7.09,14.015,19]nonadeca-2(7),3,5,9(14),10,12-hexaene-16,18-
dione 20b 
i) Reaction of immobilised 9-anthrylmethanol (292.8 mg; 0.48 mmole/g) 
with maleimide (108 mg; 1.1 mmole) in CH2Cl2 (10 ml) at room temperature 
for 10 days, afforded resin 20b (298.8 mg). Analysis found: N 0.66 %, 
corresponding to 0.47 mmole nitrogen/g. 
ii) Reaction of immobilised 9-anthrylmethanol (216.3 mg; 0.48 mmole/g) with maleimide 
(105 mg; 1.08 mmole) in DMF (10 ml) at 150°C for 17 h, afforded resin 20b (258.7 mg). 
Analysis found: N 1.71 %, corresponding to 1.22 mmole nitrogen/g. 
IR (KBr) ν (cm-1) 3058, 3020, 2910, 2847, 1777, 1721, 1708, 1598, 1491, 1446, 1332, 1262, 1153, 
1087, 1026, 904, 747, 690. 
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Polymer-bound pentacyclo[6.6.6.02,7.09,14.015,20]icosa-4,9(14),10,12,15(20),16,18-heptaene-3,6-dione 
20c 
i) Reaction of immobilised 9-anthrylmethanol (256.1 mg; 0.48 mmole/g) with 
benzoquinone (98 mg; 0.91 mmole) in CH2Cl2 (10 ml) at room temperature 
for 10 days, afforded resin 20c (259.4 mg). 
ii) Reaction of immobilised 9-anthrylmethanol (255.7 mg; 0.76 mmole/g) 
with benzoquinone (150 mg; 1.38 mmole) in DMF (10 ml) at 140°C for 17 h, 
afforded resin 20c (279.1 mg). 
IR (KBr) ν (cm-1) 3079, 3019, 2912, 2848, 1671 (C=O), 1598, 1490, 1444, 1261, 1069, 1026, 748, 
688, 531. 
 
Polymer-bound tetracyclo[6.6.2.02,7.09,14]hexadeca-2(7),3,5,9(14),10,12-hexaene-15,15,16,16-
tetracarbonitrile 20d 
i) Reaction of immobilised 9-anthrylmethanol (271.1 mg; 0.76 mmole/g) with 
tetracyanoethylene (107 mg; 0.84 mmole) in DMF (10 ml) at room 
temperature for 17 h, afforded resin 20d (285.2 mg). Analysis found: N 
3.54%, corresponding to 2.52 mmole nitrogen/g. 
ii) Reaction of immobilised 9-anthrylmethanol (261.1 mg; 0.76 mmole/g) 
with tetracyanoethylene (108 mg; 0.84 mmole) in DMF (10 ml) at 130°C for 17 h, afforded 
resin 20d (243.3 mg). Analysis found: N 4.19%, corresponding to 2.99 mmole nitrogen/g. 
IR (KBr) ν (cm-1) 3080, 3057, 3022, 2911, 2848, 2196, 1717, 1598, 1578, 1490, 1448, 1362, 1263, 
1097, 1068. 
 
Polymer-bound pentacyclo[6.6.6.02,7.09,14.015,20]icosa-4,9(14),10,12,15(20),16,18-heptaene-3,6-dione 
21a 
Reaction of immobilised 1-anthrylmethanol 19a (219.9 mg; 0.55 
mmole/g) with benzoquinone (108 mg; 1.0 mmole) in DMF (10 ml) at 
130°C for 17 h, afforded resin 21a (282.1 mg). 
IR (KBr) ν (cm-1) 3396, 3080, 3057, 3022, 2905, 2847, 1939, 1873, 1803, 1642, 
1598, 1491, 1443, 1355, 1263, 1178, 1152, 1064, 1015. 
 
Polymer-bound pentacyclo[6.6.6.02,7.09,14.015,20]icosa-4,9(14),10,12,15(20),16,18-heptaene-3,6-dione 
21b 
Reaction of immobilised 2-anthrylmethanol 19b (212.4 mg; 0.85 
mmole/g) with benzoquinone (98 mg; 0.91 mmole) in DMF (10 ml) at 
130°C for 17 h, afforded resin 21b (239.9 mg). 
IR (KBr) ν (cm-1) 3421, 3080, 3057, 3021, 2906, 2847, 1941, 1873, 1805, 
1642, 1597, 1489, 1444, 1352, 1261, 1178, 1063, 1015. 
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Polymer-bound tetracyclo[6.6.2.02,7.09,14]hexadeca-2(7),3,5,9(14),10,12-hexaene-15,15,16,16-
tetracarbonitrile 22a 
Reaction of immobilised 1-anthrylmethanol 19a (108.5 mg; 0.55 
mmole/g) with tetracyanoethylene (58 mg; 0.45 mmole) in DMF (10 ml) 
at room temperature for 17 h afforded resin 22a (117.3 mg). Analysis 
found: N 2.55%, corresponding to 1.84 mmole nitrogen/g. 
IR (KBr) ν (cm-1) 3080, 3056, 3021, 2907, 2846, 2251, 2197, 1665, 1598, 1490, 
1449, 1355, 1263, 1178, 1154, 1065, 1026. 
 
Polymer-bound tetracyclo[6.6.2.02,7.09,14]hexadeca-2(7),3,5,9(14),10,12-hexaene-15,15,16,16-
tetracarbonitrile 22b 
Reaction of immobilised 2-anthrylmethanol 19b (162.8 mg; 0.85 
mmole/g) with tetracyanoethylene (58 mg; 0.45 mmole) in DMF (10 ml) 
at room temperature for 17 h, afforded resin 22b (183.2 mg). Analysis 
found: N 4.23%, corresponding to 3.04 mmole nitrogen/g. 
IR (KBr) ν (cm-1) 3450, 3080, 3056, 3022, 2916, 2849, 2254, 2198, 1665, 
1599, 1582, 1491, 1449, 1421, 1356, 1330, 1310, 1263, 1179, 1068, 1018. 
 
Cycloreversion of polymer-bound Diels Alder adducts  general procedure 
Functionalised polymers 20a-d (~100 mg) were placed in the quartz tube of the FVT set-up. 
The thermolysis oven was then heated to 250°C (unless indicated else) for 2 h at a reduced 
pressure of 0.05 mbar. The receiving cooler was then rinsed with dichloromethane (3x). 
Evaporation of the solvent at reduced pressure gave the cycloreversion products, which 
were determined by TLC and NMR. 
 
Cycloreversion of polymer-bound adduct 20a 
Resin 20a (95 mg) was heated at 250°C for 2 h, affording a trace of unidentified yellow solid 
in the receiving cooler. 
 
Cycloreversion of polymer-bound adduct 20b 
Resin 20b (100 mg; 0.47 mmole of adduct/g resin) was heated at 250°C for 2 h, affording a 
yellow solid (2.6 mg) in the receiving cooler. 1H-NMR (200 MHz, CDCl3) δ (ppm) 6.71 (s, 2H) 
 
Cycloreversion of polymer-bound adduct 20c 
Resin 20c (103 mg) was heated at 150°C for 1 h, followed by heating at 200°C for 2 h, 
affording an unidentified green-yellow solid (0.6 mg) in the receiving cooler.  
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Cycloreversion of polymer-bound adduct 20d 
Resin 20d (103 mg; 0.75 mmole of adduct/g resin) was heated at 250°C for 2 h, affording a 
yellow solid (4.0 mg) in the receiving cooler. 1H-NMR (200 MHz, CDCl3) δ (ppm) 9,0 (d), 8.72 
(s), 8.30-8.35 (m), 8.08 (d), 7.46-7.83 (m). 
 
Thermolysis of  23 
Tricyclic compound 23 was stirred in diphenyl ether at 230°C for 17 h. Then, diphenyl ether 
was removed by vacuum distillation (4 mbar), affording a white crystalline solid. Rf on TLC 
(heptane/ethyl acetate: 1/1): 0.5, which is the same as starting material 23. 1H-NMR (300 
MHz, CDCl3) δ (ppm) 7.08-7.41 (m, 13H), 4.82 (s, 2H), 3.25-3.31 (m, 2H), 3.20 (t, 2H), 1.91-1.97 
(m, 2H). 
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SOLUTION-PHASE SYNTHESIS OF 
NITROGEN HETEROCYCLES IN A DIELS 
ALDER/RETRO-DIELS ALDER CONCEPT 
USING N-ACYLIMINIUM ION CHEMISTRY 
 
 
 
 
4.1 INTRODUCTION 
 
 The ultimate goal of the study described in this thesis constitutes the 
combinatorial or parallel synthesis of pharmaceutically attractive nitrogen-containing 
heterocycles utilising the Diels Alder/retro-Diels Alder methodology. Examples of 
such interesting heterocycles are pyrrolizidine 1, indolizidine 2, perhydropyrrolizine 
3, indolizinone 4 and pyrrolidinoisoquinoline 5 (Figure 4.1). These heterocycles are 
found as key structural elements in naturally occurring alkaloids. The chemical 
synthesis of these alkaloids has been extensively studied1, due to their extreme 
scarcity from natural sources and their potent biological activities in neuroscience2. 
Some interesting alkaloids, which have been synthesised, are trachelanthamide 63, 
elaeokanine A 74 and (+)-heliotridine 8, and indolizidines 9-125, which are potent 
blockers for muscle-type and ganglionic nicotinic receptor channels6. 
A group of heterocycles that would be of particular interest comprises the 
unsaturated analogues of indolizinones 4 and pyrrolidinoisoquinolines 5, viz. α,β-
unsaturated indolizinones 13, 14 and pyrrolidinoisoquinolines 15 and 16, 
respectively (Figure 4.2). Whereas indolizinone 4 and pyrrolidinoisoquinoline 5 have 
4  
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been prepared frequently 7, no examples of the unsaturated alkaloids 13-16 have been 
reported hitherto. Recently, a monocyclic example of such an unsaturated 
heterocyclic system, viz. 5-(acyloxy)pyrrolinone 17 has been reported by the research 
groups of  Speckamp8, and of Feringa9. Enzymatic resolution has been applied to 
obtain 5-(acyloxy)pyrrolinone 17 enantiomerically pure. 
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Figure 4.1 Nitrogen containing heterocycles with biological activity. 
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Figure 4.2 Unsaturated analogues of indolizinones 4 and pyrrolidinoisoquinolines 5. 
 
An appropriate method to prepare alkaloids 13-16 is via N-acyliminium ion 
chemistry10. A variety of structurally diverse nitrogen heterocycles have been 
prepared via N-acyliminium ion intermediates (see paragraph 4.2). Wipf and 
Cunningham11 reported the first example of N-acyliminium ion chemistry on a solid 
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support in 1995, describing the synthesis of dihydropyrimidines. Since then, solid-
phase N-acyliminium ion chemistry has been the subject of a fair number of reports12 
and has been applied in the synthesis of libraries of homoallylic amines13, 2- and 2,4-
substituted pyrrolidines14 and 2-substituted piperidines15. These examples all use the 
amine function as the linking site to the solid support. The presence of an olefinic 
double bond in the heterocycles 13-16 offers a unique opportunity to apply this bond 
in the linkage to the resin. Such an approach would typically involve the Diels 
Alder/retro-Diels Alder methodology using an immobilised cyclic diene. An 
appropriate dienophile for this purpose would be maleimide 18, which is expected to 
be rather reactive in the [4+2]-Diels Alder reaction. This dienophile contains the 
necessary nitrogen atom and the phenyl group, which allows the eventual formation 
of a tricyclic heterocycle (Scheme 4.1). 
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Scheme 4.1 
 
The initially obtained immobilised cycloadduct 19 can be chemically modified 
via an N-acyliminium ion mediated cyclisation, affording the immobilised nitrogen 
heterocycle 20. Finally, cleavage from the polymer support by a thermal 
cycloreversion gives the desired tricyclic nitrogen heterocycles 14. The Diels 
Alder/retro-Diels Alder concept thus serves as a linking/cleavage strategy in the 
solid-phase synthesis of nitrogen heterocycles. Structural diversity may be 
introduced on nitrogen during the solid-phase stage of the synthesis, which allows a 
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combinatorial approach leading to a library of pharmaceutically interesting 
compounds. 
The advantage of using the Diels Alder/retro-Diels Alders concept as a 
linking/cleavage strategy in this particular synthesis is twofold: i) the linker leaves 
no functionality in the final product after cleavage (traceless linking), and ii) the 
double bond of the lactam is effectively protected during the synthesis. 
The protection of the double bond may be of great importance, because the 
reduction of an imide in conjugation with a double bond is known to give rather low 
yields.16 Therefore, the necessity of temporarily masking this double bond must be 
taken into account. 
Traceless linking has the advantage that the compounds obtained 
immediately after cleavage from the solid support do not require additional removal 
or chemical modification of a functional group in a solution-phase procedure. This 
evidently simplifies the application of this solid-phase method in an automated 
combinatorial approach. Summarising, the linking/cleavage strategy using the Diels 
Alder/retro-Diels Alder protocol seems to meet all requirements for the N-acyl 
iminium ion mediated solid-phase synthesis of nitrogen heterocycles such as 
compounds 13-16. 
Although both the Diels Alder/retro-Diels Alder methodology and N-
acyliminium ion chemistry on solid-phase are feasible, it is realistic to first study the 
envisaged synthetic pathway in the conventional way using solution-phase 
chemistry. A typical solution-phase route using these methodologies is depicted in 
Scheme 4.2 for cyclopentadiene and furan as the cyclic dienes. Besides these two 
dienes, anthracene was also included in this study. 
The double bond of the starting maleimide 18 will be protected by a Diels 
Alder reaction with cyclopentadiene or furan, affording adduct 21. Reduction of one 
carbonyl functionality then gives hydroxylactam 22, which can be transformed into 
the N-acyliminium ion intermediate 23. An intramolecular nucleophilic attack of the 
aryl group traps the N-acyliminium ion, giving ring-closed 24. Finally, deprotection 
of the double bond by a thermal cycloreversion will then produce the desired 
pyrroloisoquinolinone derivative 14. 
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Scheme 4.2 
 
This chapter will elaborate on the realisation of this solution-phase route to 
indolizinone 14, applying cyclopentadiene, anthracene and furan as the protective 
dienes. The extrapolation of the most promising combination of methodologies 
found in solution-phase to the solid-phase, will be discussed in Chapter 5. 
 
4.2 SYNTHETIC APPLICATIONS OF N-ACYLIMINIUM ION 
CYCLISATIONS 
 
 The N-acyliminium ion (see Figure 4.3) – also called the imidoalkylating agent 
– is very useful in carbon-carbon bond formations, because of its versatile reaction 
characteristics.17,18 The number of reviews that have appeared hitherto10 and 
numerous recent examples of the synthetic applications demonstrate the importance 
of N-acyliminium ions in organic synthesis.19 
 
N
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O
R4
R1
 
Figure 4.3 The N-acyliminium ion. 
 
Generally, N-acyliminium ions are generated in situ because of their limited 
stability. An appropriate precursor is in equilibrium with the N-acyliminium ion, 
which in turn can be trapped irreversibly by an added nucleophile, affording the 
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product. The N-acyliminium can be generated by several methods starting from 
different precursors.  
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Scheme 4.3 
 
These methods, shown in Scheme 4.3, include i) N-acylation of 
imines20,21,22,23,24, ii) N-alkylation of N-acylimines25,26,27,28,29, iii) electrophilic addition 
to enamides30,31,32, iv) oxidation of amides33,34 and v) heterolysis of amides bearing a 
leaving group on the α-carbon. The latter method is the most often used one in 
synthetic applications and will therefore be discussed in more detail. 
The leaving group X in route v is often an oxygen containing substituent, such 
as a hydroxy-, ethoxy-, acetoxy or a sulfonate group, although halogen, nitrogen, 
sulfur and phosphorous substituents also have been used. Depending on the leaving 
group, an acid catalyst is sometimes needed to generate the N-acyliminium ion 
species, which then reacts either inter- or intramolecularly with a nucleophile 
(Scheme 4.4). 
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The generation of the N-acyliminium ion as well as the reaction with the 
nucleophile can be the rate-determining step in this SN1 type process. In the latter 
case, the reactivity of the nucleophile determines the ease of the reaction. For 
example, reaction of unreactive aromatic nucleophiles was only possible with highly 
reactive N-acyliminium ions generated under strongly acidic conditions. Milder 
acidic conditions, on the contrary, are sufficient when nucleophiles that are more 
reactive are applied. With the generation of the N-acyliminium ion as the rate-
determining step, the stability of this species becomes important, as was shown by 
Malmberg and Nyberg.35 Another important factor that determines the rate of 
formation of the N-acyliminium ion, is the nature of the leaving group. 
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Scheme 4.4 
  
The synthetic applications of N-acyliminium ions involve intermolecular10a-c 
and intramolecular reactions10d. The intramolecular reactions are the most interesting 
ones, since they result in cyclisation, affording nitrogen heterocycles such as 
indolizinone 4 and pyrrolidinoisoquinoline 5 (Figure 4.1). Striking examples have 
been reported, where N-acyliminium cyclisations lead to an efficient synthesis of 
known alkaloids, such as epi-lupinine3, trachelanthamidine 113, supinidine3, 
elaeokanine A 123,4 and lepadiformine36. 
Amongst the extensive number of papers on N-acyliminium ion chemistry, 
there is only one report that combines this chemistry with the Diels Alder/retro-
Diels Alder methodology. Arai and co-workers4 describe the elegant asymmetric 
synthesis of Elaeocarpus alkoloids, (+)-elaeokanine A and (+)-elaeokanine C (Scheme 
4.5). This approach is based on an asymmetric Diels Alder cyclisation using 
enantiomerically pure maleimide 24 and cyclopentadiene. Regioselective reduction 
of the imide carbonyl function of the resulting cycloadduct 25, followed by the 
elimination of the chiral auxiliary sulphinyl group gave the corresponding alcohol, 
from which the N-acyliminium ion intermediate 26 was generated. Addition of the 
nucleophile at the exo-face of the endo-fused tricyclic system gave imide 27 
exclusively. Finally, ring-closure and a retro-Diels Alder reaction of the resulting 
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compound 28 gave indolizinone 29, which in turn was transformed to (+)-
elaeokanine A 7 or (+)-elaeokanine C.  
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Scheme 4.5 
 
It should be noted that the six-membered ring here is formed by an 
intermolecular addition to the N-acyliminium ion, followed by acid-catalysed ring-
closure. This is markedly different from the intended approach, where the six-
membered ring should be formed in one step via an intramolecular addition. 
In contrast to the large number of solid-phase syntheses using N-acyliminium 
ion chemistry11-15, examples of N-acyliminium ion mediated cyclisations on a solid 
support are scarce. Wang and Ganesan37 reported an N-acyl variant of the Pictet-
Spengler condensation as the key step in their solid-phase synthesis of 
demethoxyfumitremorgine C analogues. However, N-acyliminium ion cyclisations 
such as shown in Scheme 4.1 have not been performed on solid-phase yet. 
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4.3 SOLUTION-PHASE SYNTHESIS OF LACTAMS VIA THE DIELS 
ALDER/RETRO-DIELS ALDER CONCEPT 
 
4.3.1 Attempted synthesis of 3,5,6,7,8,8a-hexahydro-3-indolizinone derivatives via 
its cyclopentadiene adduct. 
The envisaged synthetic route depicted in Scheme 4.2 was first performed 
with cyclopentadiene as the diene. N-phenethylmaleimide 18 was chosen as the 
dienophile. Its synthesis has been described in Chapter 2. A [4+2] Diels Alder 
reaction afforded adduct 21 in 51% yield ( 
Scheme 4.6). According to the characteristic AB-pattern of the signals from the 
vinylic protons in the NMR spectrum, the endo-isomer was formed exclusively. This 
is the expected outcome in the Diels Alder reaction of a maleimide with 
cyclopentadiene.38 
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i) methanol, 17h, rt; ii) NaBH4/H+, methanol; iii) trifluoroacteic acid, CH2Cl2. 
 
Scheme 4.6 
 
 In order to prepare the N-acyliminium ion precursor 22, the tricyclic imide 21 
was reduced following a method described by Hubert et al.39. Applying the 
conditions described, viz. stirring with sodium borohydride under acidic conditions, 
hydroxylactam 22 was isolated in 46% yield after recrystallisation. From the crude 
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reaction mixture, 31% of the starting material was recovered. A complete conversion 
might be accomplished by applying lithium borohydride as a reducing agent instead 
of sodium borohydride. Recently, some successful examples of these type of 
reductions performed with lithium borohydride have been reported.40 Consequently, 
similar reductions described later this chapter have been carried out with lithium 
borohydride as a reducing agent. 
 The stereochemistry of the reduction is only of little importance, since the 
stereogenic centre is subsequently obliterated in the generation of the N-acyliminium 
ion. However, NMR analysis revealed that the reduction occurred stereoselectively 
by an exo-attack of the hydride. This is in agreement with the earlier observation41 
that hydride approach will be from the less-hindered convex face of the molecule. 
  
CF3COOH
N
OH
O
N
O
+H2O
N+
O
H2O
N
O
H
22
24  
Scheme 4.7 
 
Starting from hydroxylactam 22, an N-acyliminium ion was generated in situ 
by treatment with trifluoroacetic acid. Subsequently, a cyclisation occurred via an 
electrophilic aromatic substitution at the electrophilic carbon (see Scheme 4.7). The 
polycyclic structure 24 was thus obtained in 96% yield. The conditions applied here 
should also lead to a smooth cyclisation when electron-releasing substituents, such as 
alkoxy-, hydroxy- or amino-groups, are present on the aromatic ring. In that case, the 
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aromatic ring will be activated, enhancing the reactivity in the electrophilic aromatic 
substitution.  
The final step in the synthesis of the desired pyrrolidinoisoquinoline 14 
involves cleavage of the norbornene system in the polycyclic structure 24 via a 
thermal cycloreversion reaction. Both dynamic and static thermal conditions have 
been applied, viz. Flash Vacuum Thermolysis (FVT) conditions at temperatures up to 
450°C, and stirring in refluxing o-dichloromethane (180°C). Unfortunately, none of 
these attempts was successful. Although applying FVT conditions at temperatures 
above 450°C may lead to cycloreversion, it must be concluded that the cycloreversion 
of cyclopentadiene adduct 24 cannot be accomplished under conditions that are 
compatible with a solid support. It should be noted that similar conclusions were 
drawn from the results of the cycloreversion of immobilised cyclopentadiene adducts 
(chapter 2). As a conclusion, pyrrolidinoisoquinolines 14 cannot be obtained 
applying the envisaged synthetic route with cyclopentadiene as a diene. Evidently, 
translation of this synthetic route from solution-phase to solid-phase using 
immobilised cyclopentadiene is not meaningful. 
 
4.3.2 Attempted synthesis of 3,5,6,7,8,8a-hexahydro-3-indolizinone derivatives via 
its anthracene adduct. 
As high temperatures are required to accomplish a cycloreversion reaction of 
the adducts of cyclopentadiene, anthracene was considered as an alternative diene. 
Although far less reactive than cyclopentadiene in the Diels Alder reaction, 
anthracene adducts generally undergo cycloreversion at a slightly lower 
temperature. The cycloaddition of anthracene with phenethylmaleimide 18 indeed 
turned out to be rather troublesome. Only very low yields were obtained, even after 
prolonged reaction times. The cycloadduct 30 prepared from maleic anhydride and 
anthracene, on the contrary, could be obtained in 94% yield (Scheme 4.8). Maleimide 
31 was then synthesised by the reaction of anhydride 30 with phenethylamine 
analogous to a reported reaction of anhydride 30 with benzylamine42. The reaction, 
shown in Scheme 4.8, took place very smoothly and the product crystallised from the 
reaction mixture in 90% yield. Thus, the synthesis of maleimide 31 was realised in an 
excellent overall yield of 85%. Furthermore, this two-step synthesis allows a facile 
introduction of structural diversity on nitrogen by selecting various amines. 
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Scheme 4.8 
 
 The reduction of polycyclic imide 31 was carried out with lithium 
borohydride as a reducing agent rather than with sodium borohydride (Scheme 4.9). 
A complete conversion was achieved after 17 hours at room temperature and work-
up afforded hydroxylactam 32 in an excellent yield of 95%, sufficiently pure for the 
next step. The N-acyliminium ion mediated cyclisation was accomplished in a good 
yield of 93%, providing polycyclic structure 33. 
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Scheme 4.9 
 
 The final step in the synthesis of pyrrolidinoisoquinoline 14 is the 
cycloreversion of polycyclic structure 33. Unfortunately, however, polycyclic 
structure 33 was not sufficiently volatile. As a consequence, a dynamic thermolysis 
process applying Flash Vacuum Thermolysis (FVT) conditions was not possible. 
Therefore, cycloreversion under static thermolysis conditions was considered as an 
alternative. The thermolysis of structure 33 was performed in refluxing o-
dichlorobenzene, and using microwave activation. No cycloreversion was observed 
at all, and starting material was recovered quantitatively. The unfortunate conclusion 
must be drawn that pyrrolidinoisoquinoline 14 cannot be prepared from its 
cycloadduct with anthracene (33) applying either dynamic or static thermolysis 
conditions. 
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 Another interesting product is pyrrolidinoisoquinoline 16 (Figure 4.1), which 
is in essence the cycloreversion product of polycyclic structure 34 (Scheme 4.10). This 
compound was easily obtained by a reduction of polycyclic structure 33 with lithium 
aluminium hydride. As expected, the higher volatility of compound 34 compared to 
compound 33 allowed a transfer into the gas-phase and hence thermolysis of 34 
under FVT conditions. At a temperature of 400°C, cycloreversion was indeed 
achieved leading to a mixture of anthracene and a new product. After separation 
from anthracene by column chromatography, the new product was identified by 
spectroscopic means. The 1H-NMR-spectrum clearly showed that the expected 
pyrrolidinoisoquinoline 16 had not been formed, but pyrrole 35 was produced 
instead. 
N
LiAlH4
N
X
FVT
400°C, 0.05 mbar
33 34
16
35
N
O
N
 
Scheme 4.10 
 
The formation of anthracene in this thermal reaction of cycloadduct 34 and the 
clear relationship between pyrrolidinoisoquinoline 16 and pyrrole 35, suggest the 
initial formation of compound 16. Apparently, however, this structure is not stable 
under the thermal conditions applied, and undergoes a carbon-carbon bond cleavage 
to form the aromatic pyrrole ring system 35 (Scheme 4.11). This process is most likely 
a homolytic type cleavage involving the initial formation of biradical 36. A fast 
rotation, forming biradical 37, allows the phenyl radical to abstract a hydrogen atom, 
resulting in pyrrole aromatisation. It is evident that the total process is 
thermodynamically favoured. Since pyrrolidinoisoquinoline 16 is unknown, its 
thermal conversion to pyrrole 35 is also unprecedented. It is unfortunate that 
cycloadduct 33 could not be subjected to this gas-phase reaction, as no aromatisation 
is possible here, and hence, a similar carbon-carbon bond cleavage is not expected. 
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Scheme 4.11 
 
  In conclusion, the synthesis of pyrrolidinoisoquinolines 14 and 16 is not 
possible through their anthracene cycloadducts in the Diels Alder/retro-Diels Alder 
methodology, again primarily due to the high temperatures required to achieve 
cycloreversion. Applying static thermal conditions in high-boiling solvents, no 
cycloreversion was observed at all. Under dynamic thermal conditions, using FVT, 
either the volatility of the anthracene adduct (33) or the thermal instability of the 
pyrrolidinoisoquinoline formed (34) frustrated this approach. However, this last 
frustration may be overcome if it were possible to synthesise and use the 
corresponding furan cycloadduct in this process, as considerable lower temperatures 
may be sufficient here to accomplish the cycloreversion. It is not unlikely that, 
applying these milder thermal conditions, the subsequent conversion of 
pyrrolidinoisoquinoline 16 into pyrrole 35 does not occur. This approach is discussed 
in the next paragraph. 
 
4.3.3 Synthesis of 5-hydroxypyrrolinones via furan adducts. 
The preceding studies on cyclopentadiene and anthracene adducts as 
precursors for heterocycles using the Diels Alder/retro-Diels Alder concept revealed 
that the N-acyliminium ion chemistry works well, affording the required modified 
cycloreversion precursors in excellent yields. However, the crucial thermal 
cycloreversion step failed hitherto, both under static thermal conditions in solution, 
and under dynamic thermal conditions in the gas-phase. Either the thermal stability 
of the cycloreversion precursor or the instability of the cycloreversion product 
formed, hampered a successful approach. The only solution to this problem involves 
a considerable decrease of the thermal stability of the cycloreversion precursor. 
Furan adducts may be the key to success, as these adducts are expected to undergo 
cycloreversion at much lower temperatures than cyclopentadiene and anthracene 
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adducts. However, several drawbacks may restrict the use of furan in the Diels 
Alder/retro-Diels Alder concept. 
First of all, furan is usually far less reactive than cyclopentadiene and 
anthracene in Diels Alder reactions and therefore cannot be generally used. Adducts 
are only obtained with rather reactive dienophiles. There is often a subtle balance 
between cycloaddition and cycloreversion, leading to an equilibrium sometimes even 
at room temperature.43 For example, the cycloaddition of 2,5-disubstituted furans 
with fumaronitrile is only favourable at -20°C.44 Above this temperature, an 
equilibrium between the adduct and the reactants exist. However, a variety of 
reactive dienophiles, such as phenyl vinylsulfonate45, ethyl 3,3-difluoroacrylate46 and 
N-methylmaleimide47, is known to undergo cycloaddition with furan in a good yield. 
Secondly, the acid and base sensitivity of the oxygen-bridged furan adducts 
may limit the scope of the synthetic applications. Another complication deals with 
the endo/exo-stereochemistry of the initially formed Diels Alder adducts, which is far 
more dependent on the nature of the dienophile and the reaction temperature than 
cyclopentadiene and anthracene mediated cycloadditions. In contrast to the 
cycloaddition with cyclopentadiene, for example, which almost exclusively gives the 
endo-isomer48, the cycloaddition of furan with maleimide49 or with maleic 
anhydride50 affords both isomers in a ratio dependent on the reaction temperature. 
This is nicely illustrated for the furan/maleimide cyclisation. When this reaction is 
performed in a closed vessel at a temperature of 90°C, the thermodynamically more 
favoured exo-isomer is obtained, whereas the reaction at room temperature gives 
merely the endo-isomer. 
Despite the complications that may be encountered, the original synthetic 
pathway as depicted in Scheme 4.2 was now investigated with furan as the diene. 
First, the cycloaddition of furan and maleimide was carried out in diethyl ether at 
room room temperature. The Diels Alder adduct 38 was obtained as a mixture of 
endo- and exo-isomers. In contrast to the former syntheses with anthracene and 
cyclopentadiene, maleic anhydride was not the dienophile of choice for this 
particular synthesis. The conversion of the anhydride adduct into the corresponding 
N-alkylated maleimide adducts 39 would require rather harsh conditions and would 
probably result in cleavage of the oxygen bridge to a large extent. Therefore, methods 
were sought to substitute maleimide 38 on nitrogen under relatively mild conditions. 
A method reported by Wijnberg et al.10b, applying Mitsunobu conditions was tried, 
but the results were not satisfactory. The desired alkylated maleimide seemed to be 
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formed, but could not be isolated from the product mixture. A simple alkylation in 
the presence of potassium or cesium carbonate using dimethylformamide as a 
solvent51 appeared to be the most suitable method in this case. Thus, a mixture of 
endo- and exo-alkylmaleimide 39a was obtained in 54-67%, whereas alkylmaleimide 
39b was isolated as the exo-isomer, albeit in 10% yield only (Scheme 4.12). 
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i) Et2O, reflux, 2 days. ii) RPhEtBr, Cs2CO3, DMF, rt. 
 
Scheme 4.12 
 
 Reduction of the alkylmaleimides 38 was performed with lithium borohydride 
in THF and gave the corresponding hydroxylactams 39a and 39b as white crystalline 
compounds, again in good yields. Similar to the hydride reductions of the 
cyclopentadiene adducts, the hydride approach occurs preferably from the less 
hindered side. In the case of the exo-isomer, endo reduction gives rise to the exo- 
alcohol and vice versa. Hence, starting from a mixture of both isomers of the imide, a 
mixture was obtained of the endo- and the exo-alcohol, which could be separated by 
column chromatography. NMR analysis of the individual isomers confirmed the 
expected stereochemistry of the alcohol functionality.  
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Scheme 4.13 
 
SOLUTION-PHASE SYNTHESIS OF NITROGEN HETEROCYCLES…  
 
87 
 The hydroxylactams 40 were now subjected to the N-acyliminium chemistry, 
using the common procedure, viz. treatment with trifluoroacetic acid. However, 
under these acidic conditions, a complex mixture of products was obtained. Spectral 
analysis suggested a completely destroyed tricyclic oxa-system, probably instigated 
by protonation of the oxygen bridge, which was subsequently cleaved. No 
indications for the presence of a heterocyclic nitrogen containing ring system could 
be derived from the 1H-NMR-spectra, suggesting that the acid-catalysed ether 
cleavage of the oxygen bridge is the first reaction to occur. The use of milder acids, 
such as formic acid and BF3·Et2O did not alter this result. Acid catalysed N-
acyliminium ion generation is apparently not permitted in these oxa-bridged 
adducts. Hence, methods that avoid acidic conditions had to be applied. 
 The necessity of acidic conditions might be avoided by substitution of the 
hydroxyl group by a better leaving group, e.g. a mesylate group. There are literature 
reports, which suggest that the mesyl group is immediately eliminated after its 
formation, generating the N-acyliminium ion, which then is trapped by a 
nucleophile.52 In the present case, mesylation would directly lead to an in situ 
cyclisation. Hence, mesyl chloride was stirred with hydroxylactam 40a in the 
presence of triethylamine. However, again a complex mixture of compounds was 
obtained. According to the NMR-spectrum, a trace of the ring-closed compound may 
now be present, but unfortunately, it could not be isolated. 
 Although all available methods to accomplish the intramolecular electrophilic 
cyclisation via N-acyliminium ion chemistry have not exhaustively been tried, it is 
evident from the above results that the acid lability of the furan Diels Alder adducts, 
is not compatible with the conditions generally required for the generation of the 
intermediate N-acyliminium ion. The indication that a cyclisation product may have 
been formed using almost neutral conditions, leaves some room for further 
experimentation. However, it may be doubted whether this would eventually lead to 
a methodology that is suitable for a combinatorial approach. 
 The hydroxylactams 40 were now used to investigate the cycloreversion of 
these relatively sensitive compounds. If such a cycloreversion were successful, a 
novel route to the relatively unknown and scarcely reported8,9 5-
hydroxypyrrolinones 42 would become available. The cycloreversions of both 
hydroxylactams 40a and 40b were carried out under static thermal conditions in 
refluxing toluene for 17 hours (Scheme 4.14). Although some of the starting material 
was still present, the hydroxypyrrolones were obtained as the major products and 
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could be isolated in good to excellent yields, either by column chromatography (42a) 
or by crystallisation (42b). The successful synthesis of these pyrrolones offers 
prospects for a solid-phase approach based on this methodology. 
endo/exo-40a : R=H
         exo-40b: R=NO2
N
R
O
OH
110°C
O
N
OH
O
R
42a: R=H     50%
42b: R=NO2 91%
toluene
   
 
Scheme 4.14 
 
 In order to achieve a smooth translation to the solid-phase, the above synthetic 
scheme was repeated with benzyl protected furfuryl alcohol 44 to mimic immobilised 
furan. The Diels Alder adduct 45 of benzyloxymethylfuran with maleimide was 
obtained in 70% yield. The N-alkylation and reduction were carried out using the 
same conditions as described for the parent furan adducts. The desired 
hydroxylactam 47 was thus produced in a good to excellent yield, as depicted in 
Scheme 4.15. Cycloreversion of adduct 47 in toluene afforded a mixture of 
benzyloxymethylfuran and 5-hydroxypyrrolinone 42a, which could be readily 
separated by column chromatography. 5-Hydroxypyrrolinone 40a was isolated in a 
good yield of 71%. 
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i)benzyl chloride, DMSO, NaOH. ii) Et2O, rt, 17h.  iii) PhEtBr, Cs2CO3, DMF, rt, 20h. iv) LiBH4, THF, rt. 
v)toluene, reflux, 4h. 
Scheme 4.15 
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4.4 CONCLUDING REMARKS 
 
Both the hydroxylactam cycloadducts 22 and 32, with cyclopentadiene and 
anthracene as the cyclic dienes, respectively, were successfully subjected to an N-
acyliminium ion mediated cyclisation. The cycloadducts 24 and 33, containing the 
desired pyrrolidinoisoquinoline framework, were thus obtained in excellent overall 
yield. However, the crucial cycloreversion step, deprotecting the olefinic double 
bond of the desired pyrrolidinoisoquinoline 14, could not be realised for both 
compounds, neither under static thermal conditions in solution, nor under dynamic 
thermal conditions in the gas phase. Unfortunately, the cycloreversion of anthracene 
adduct 33 could not be studied due to its involatility. After removal of the polar 
carbonyl function by a hydride reduction, heterocyclic amine 34 was obtained, which 
was sufficiently volatile to be subjected to FVT conditions. Indeed, cycloreversion 
was accomplished, but isolation of the unsaturated amine 16 was not possible; the 
high temperature applied brought about aromatisation to produce the pyrrole 35. All 
these results clearly prove that the necessarily high temperatures to achieve the retro-
Diels Alder reaction of cyclopentadiene or anthracene pyrrolidinoisoquinoline 
adducts, block this approach towards the synthesis of these classes of nitrogen 
containing heterocycles. 
The use of furan as the alternative diene eliminates this problem, which is 
nicely illustrated by the successful cycloreversion of hydroxylactams 40 and 47 under 
static thermal conditions in refluxing toluene to produce 5-hydroxypyrroloninones 
42 in good to excellent yields. Unfortunately, the bottleneck in the furan-mediated 
Diels Alder/retro-Diels Alder approach, turned out to be the N-acyliminium ion 
chemistry. So far, it appeared impossible to accomplish the intramolecular N-
acyliminium ion cyclisation of hydroxylactams 40 to the desired 
pyrrolidinoisoquinoline adducts 41, without destroying the sensitive oxa-bridge. The 
observation that some cyclisation may occur using mesylated hydroxylactam 40 
under almost neutral conditions, suggests that other methods for the generation of 
the N-acyliminium ion intermediate may eventually lead to a successful synthesis of 
the pyrrolidinoisoquinoline adduct 41. 
The novel benzyloxymethylfuran mediated synthetic route towards the 
interesting 5-hydroxypyrrolinones 40, encourages the extrapolation of this solution-
phase synthesis to the solid-phase applying polymer-bound furan. The next Chapter 
will briefly discuss the synthesis and Diels Alder reactivity of immobilised furan. 
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4.5 EXPERIMENTAL SECTION 
 
General Remarks: 
Melting points were determined using a Reichert thermopan microscope and are 
uncorrected, or using a Büchi Melting Point B-545 (corrected). 1H and 13C NMR spectra were 
recorded with a Bruker AC-300 spectrometer in CDCl3 using tetramethylsilane (TMS) as an 
internal standard. FTIR spectra were recorded on a ATI Mattson – Genesis Series FTIR 
spectrophotometer. For high-resolution mass spectra a double focusing VG7070E mass 
spectrometer was used. GC/MS was performed on a Varian Saturn GC/MS (Ion trap) 
equipped with a DB-5 column (30m x 0,25mm). Elemental analyses were performed using a 
Carlo Erba Instruments CHNS-O EA 1108 element analyzer. Diethyl ether was distilled from 
sodium hydride. Tetrahydrofuran was distilled from sodium and benzophenone. Heptane 
and dichloromethane were distilled from calcium hydride. Ethyl acetate was distilled from 
potassium carbonate. Other solvents were distilled if necessary. The Merrifield resin used 
was cross-linked with 1% divinylbenzene and contained 1.7 mmole Cl/g resin. 
  
4-Phenethyl-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 21 
Cyclopentadiene (0.6 ml; 7.3 mmole) was added to a stirred solution of 1-
phenethyl-2,5-dihydro-1H-2,5-pyrroledione (1.45 g; 7.2 mmole) in 
methanol (50 ml). After additional stirring for 17 h, the reaction mixture 
was concentrated in vacuo, to give a red-brownish liquid, which solidified upon standing. 
Recrystallisation of the crude product from heptane/ethyl acetate gave a dark yellow solid 
(0.98 g; 51%), which could be used for further synthesis. An analytical sample (white 
crystalline) was obtained after recrystallisation from 2-propanol, though still not completely 
pure (see melting point). 
Mp 72-73°C (lit.53 82-83°C). 1H-NMR (300 MHz, CDCl3) δ (ppm) 7.21-7.29  (m, 5H, arom), 5.96 
(qAB, JAB = 1.65 Hz, 2H, HC=CH), 3.57-3.62 (m, 2H, NCH2), 3.35 (br.s, 2H, H3,6), 3.20-3.22 (dd, 
2H, H4,5), 2.75 (t, J = 7.8 Hz, 2H, CH2Ph), 1.70 and 1.51 (qAB, JAB = 8.8 Hz, 2H, Hbridgehead). 13C-
NMR (75 MHz, CDCl3) δ (ppm) 177.41 (C=O), 137.76, 134.27, 128.75, 128.33, 126.48, 52.06, 
45.62, 44.77, 39.27, 33.55. IR (KBr) ν (cm-1) 3016, 2975, 2869 (C-H), 1769, 1690 (C=O). MS (CI+): 
m/z (%) 267 (72.5, M+), 201 (11.9), 110 (35.9), 104 (100), 91 (38.7), 66 (33.8). elem. anal.: calc. 
(found) for C17H17NO2: C: 76.38 (74.65), H: 6.41 (6.26), N: 5.24 (5.15) 
 
5-Hydroxy-4-phenethyl-4-azatricyclo[5.2.1.02,6]dec-8-en-3-one 22 
Following the procedure by Hubert et al.39, an excess of sodium 
borohydride (472 mg) was added to a cooled (-40°C) solution of imide 26 
(474 mg; 1.8 mmole) in methanol/water 9:1 (30 ml). During a period of 5 
h, 5-6 drops of aqueous hydrochloric acid (1 M) were added every 15 
min, while the temperature was maintained between –20 and –40°C. The reaction mixture 
N
O
O
N
O
HO
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was then poured into water (50 ml) and stirred for 15 min, followed by extraction with 
dichloromethane (2x). The combined organic phases were dried (MgSO4) and concentrated in 
vacuo, yielding the crude product as an off-white solid (380 mg). Recrystallisation from ethyl 
acetate afforded 5-hydroxy-4-phenethyltricyclo[5.2.1.02,6]dec-8-en-3-one 22 as small white 
needles (220 mg; 46%). 
Mp 173-175°C. 1H-NMR (300 MHz, CDCl3) δ (ppm) 7.30-7.18 (m, 5H, arom), 6.08-6.18 (m, 2H, 
HC=CH), 4.94 and 4.90 (qAB, J = 7.7 Hz, 1H), 3.35-3.55 (m, 2H), 3.25-3.30 (m, 1H), 2.95-3.15 
(m, 3H), 2.75-2.95 (m, 2H), 1.79 (d, J = 10.4 Hz, 1H, OH), 1.40 and 1.58 (qAB, JAB = 8.2 Hz, 
2Hbridgehead). 13C-NMR (75 MHz, CDCl3) δ (ppm) 173.50 (C=O), 139.01, 136.04, 133.91, 128.78, 
128.36, 126.35, 82.91, 52.13, 49.56, 45.68, 44.34, 43.14, 41.62, 33.87. IR (KBr) ν (cm-1) 3185 (OH), 
2983, 2963, 2937, 1640, (C=O), 1454, 1112, 1024. MS (CI+): m/z (%) 269 (23.4, M+), 251 (100), 178 
(95.8), 160 (87.1), 149 (23.1), 112 (93.7), 104 (65.4), 100 (44.8), 91 (45.3), 83 (72.6), 79 (81.3), 66 
(42.0). elem. anal.: calc. (found) for C17H19NO2: C: 75.81 (75.40), H: 7.11 (6.77), N: 5.20 (4.70). 
 
12-Azapentacyclo[13.2.1.02,14.03,12.04,9]octadeca-4(9),5,7,16-tetraen-13-one 24 
Trifluoroacetic acid (10 drops) was added to a solution of hydroxylactam 22 (148 
mg; 0.55 mmole) in dichloromethane (10 ml). The reaction mixture was stirred for 
48 h at rt, and then washed with saturated aqueous sodium bicarbonate, dried 
(MgSO4) and concentrated in vacuo, giving the crude product as a solid (133 mg; 
96%). The crude product was purified for analysis by recrystallisation from ethyl acetate, 
yielding a white powder (66 mg; 48%). 
Mp. 147-151°C (uncorr.). 1H-NMR (300 MHz, CDCl3) δ (ppm) 7.20-7.30 (m, 4H, arom), 5.99 
(dd, J = 3.0 Hz J = 5.8 Hz, 1H, HC=C), 5.81 (dd, J = 3.0 Hz J = 5.8 Hz, 1H, HC=C), 4.43 (d, J = 
9.3 Hz, 1H), 3.62-3.70 and 3.26-3.34 (m, 2H), 3.22 (br.s, 1H), 3.11-3.16 (m, 2H), 2.78 (t, J = 7.1 
Hz, 2H), 2.56-2.61 (4dd, J = 1.1 Hz J = 4.1 Hz, 1H), 2.41 (d, J = 9.6 Hz, 1H), 1.54 and 1.33 (qAB, J 
= 8.5 Hz, 2H). 13C-NMR (75 MHz, CDCl3) δ (ppm) 175.05 (C=O), 138.67, 136.12, 133.27, 128.63, 
128.40, 126.38, 84.96, 51.09, 48.92, 47.37, 44.82, 44.63, 40.82, 33.61. IR (KBr) ν (cm-1) 3333, 3071, 
3020, 2982, 2962, 2943, 2863, 1646 (C=O), 1475, 1333, 1066, 699. MS (CI+): m/z (%) 252 
(83.9,M+1+), 186 (64.7), 160 (50.7), 104 (100), 96 (40.0), 91 (44.1), 66 (38.7). elem. anal.: calc. 
(found) for C17H19NO2: C: 81.24 (73.13), H: 6.82 (5.98), N: 5.57 (5.10). 
 
17-Oxapentacyclo[6.6.5.02,7.09,14.015,19]nonadeca-2(7),3,5,9(14),10,12-hexaene-16,18-dione 30 
A stirred solution of maleic anhydride (10.02 g; 0.102 mole) and anthracene 
(18.00 g; 0.101 mole) in o-dichloromethane (100 ml) was heated at 130°C for 3 h. 
The reaction mixture was allowed to cool to room temperature and then placed 
in the refrigerator (-20°C) for 17h, upon which the product crystallised. Filtration gave the 
Diels Alder adduct 30 as colourless crystals (26.19 g; 94%). Spectral data are in agreement 
with those reported54. 
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17-Phenethyl-17-azapentacyclo[6.6.5.02,7.09,14.015,19]nonadeca-2(7),3,5,9(14),10,12-hexaene-16,18-
dione 31 
A mixture of anhydride 30 (11.00 g; 40 mmole) and phenethylamine 
(20 ml; 0.16 mole, 4 equiv) was heated to 135-140°C, resulting in an 
orange solution. When the temperature above the reaction mixture 
decreased to 130°C, the reaction mixture was cooled to rt. Ethanol was 
added until a fine white solid precipitated, which was filtered off, yielding maleimide 31 
(13.60 g; 90%). 
Mp. 209-210°C. 1H-NMR (300 MHz, CDCl3) δ (ppm) 7.07-7.41 (m, 13H, arom), 4.82 (s, 2H), 
3.25-3.31 (m, 2H, N-CH2), 3.20 and 3.21 (qAB, JAB = 1.4 Hz, 2H), 1.91-1.97 (m, 2H, CH2Ph). 13C-
NMR (75 MHz, CDCl3) δ (ppm) 176.53 (C=O), 141.38, 138.65, 137.75, 128.55, 128.39, 126.91, 
126.67, 126.45, 124.98, 124.19, 46.72, 45.57, 39.44, 32.83. IR (KBr) ν (cm-1) 3068, 3047, 2956, 1766, 
1701, 1456, 1429, 1396, 1360, 1342, 1149. MS (CI+): m/z (%) 380 (67.6, MH+), 230 (13.2), 202 
(25.6, MH+ - C14H10), 178 (100, C14H10+), 104 (18.3). elem. anal.: calc. (found) for C26H21NO2: C: 
82.30 (82.03), H: 5.58 (5.35), N: 3.69 (3.41). 
 
18-Hydroxy-17-phenethyl-17-azapentacyclo[6.6.5.02,7.09,14.015,19]nonadeca-2(7),3,5,9(14),10,12-
hexaen-16-one 32 
Lithium borohydride (2.0 M solution in THF; 10 ml) was added to a 
solution of maleimide 31 (3.79 g; 10.0 mmole) in THF under an inert 
atmosphere. The reaction mixture was stirred overnight at room 
temperature. Because the reaction was not complete yet, another 
equivalent of lithium borohydride was added. After completion, saturated aqueous 
ammonium chloride solution was added, followed by extraction with dichloromethane. 
Drying (MgSO4) of the combined organic phases and evaporation of the solvent afforded the 
crude hydroxylactam 32 as a white solid (3.53 g; 93%). 
Mp. 195-200°C. 1H-NMR (300 MHz, CDCl3) δ (ppm) 7.05-7.42 (m, 13H, arom), 4.95 and 4.99 
(qAB, JAB = 8.0 Hz, 1H), 4.78 (d, J = 3.6 Hz, 1H), 4.66 (d, J = 2.8 Hz, 1H), 3.19 (t, J = 7.7 Hz, 2H, 
N-CH2), 3.05 and 3.02 (dd, J = 3.6 Hz, 1H), 2.83-2.90 (m, 1H), 2.52-2.61 and 2.30-2.40 (m, 2H, 
CH2Ph), 2.25 (d, J = 12.9 Hz, 1H, OH). 13C-NMR (75 MHz, CDCl3) δ (ppm) 171.76 (C=O), 
142.81, 142.50, 141.86, 140.78, 138.64, 128.54, 128.37, 128.35, 127.10, 126.85, 126.31, 126.30, 
126.27, 126.17, 124.07, 123.71, 123.56, 84.21, 49.47, 45.61, 44.28, 41.90, 41.81, 33.94. IR (KBr) ν 
(cm-1) 3244 (br, OH), 3023, 2940, 1650 (C=O), 1464, 1344, 1107. MS (CI+): m/z (%) 381 (49.6, 
M+), 364 (8.1, M+ - OH), 290 (37.5, M+ - C7H7), 204 (14.1, MH+ - C14H10), 191 (27.3), 178 (100, 
C14H10+), 112 (51.9), 83 (14.1). elem. anal.: calc. (found) for C26H23NO2: C: 81.86 (81.21), H: 6.08 
(5.84), N: 3.67 (3.34). 
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12-Azaheptacyclo[13.6.6.02,14.03,12.04,9.016,21.022,27]heptacosa-4(9),5,7,16(21),17,19,22(27),23,25-
nonaen-13-one 33 
Hydroxylactam 32 (1.50 g; 3.92 mmole) was dissolved in dichloromethane 
(100 ml). Trifluoro acetic acid (5 ml) was added and the mixture was stirred 
for 16 h at room temperature. The mixture was then washed with a saturated 
sodium bicarbonate solution and water. The organic phase was dried 
(MgSO4) and concentrated at reduced pressure to give the crude product as a white solid 
(1.48 g; 100%). An analytical sample was recrystallised from ethyl acetate, affording 
compound 33 as small white crystals. 
Mp. 210-215°C. 1H-NMR (300 MHz, CDCl3) δ (ppm) 6.95-7.39 (m, 12H, arom), 6.17 (d, J = 7.4 
Hz, 2H), 4.57 and 4.59 (dd, J = 3.3 Hz, 2H), 4.51 (d, J = 6.5 Hz, 1H), 3.10-3.16 (m, 1H), 2.91 and 
2.94 (dd, J = 3.6 Hz, 1H), 2.68-2.78 (m, 1H), 2.38-2.49 (m, 1H), 1.78-1.88 (m, 1H), 1.45-1.55 (m, 
1H). 13C-NMR (75 MHz, CDCl3) δ (ppm) 171.98 (C=O), 143.30, 142.59, 141.10, 140.09, 139.04, 
128.78, 128.55, 126.52, 126.33, 126.30, 126.27, 126.21, 125.21, 125.06, 124.32, 124.04, 84.00, 48.30, 
46.90, 46.14, 45.42, 32.48. IR (KBr) ν (cm-1) 3203, 1653 (C=O), 1465, 1068, 764, 700, 546. MS 
(CI+): m/z (%) 381 (M++H2O, 27.6), 364 (MH+, 8.5), 290 (23.5), 272 (9.3), 178 (100), 149 (87.7), 
112 (30.2), 83 (27.4), 69 (42.9), 57 (61.8). 
 
12-Azaheptacyclo[13.6.6.02,14.03,12.04,9.016,21.022,27]heptacosa-4(9),5,7,16(21),17,19,22(27),23,25-
nonaene 34 
A suspension of lactam 33 (250 mg; 0.69 mmole) in THF (10 ml) was added to 
a suspension of lithium aluminium hydride (200 mg) in THF (5 ml). The 
reaction mixture was stirred at 66°C for 2 h and then quenched with a 20% 
aqueous sodium hydroxide solution (10 ml). The resulting mixture was 
extracted with diethyl ether (2x). The combined organic layers were dried (MgSO4) and 
concentrated in vacuo to give compound 34 as a white solid (167 mg; 70%). An analytical 
sample was obtained by recrystallisation from ethyl acetate. 
Mp. 149-152°C. 1H-NMR (300 MHz, CDCl3) δ (ppm) 7.08-7.26 (m, 12H, arom), 4.13 (d, J = 2.2 
Hz, 2H), 3.06 (t, J = 7.4 Hz, 2H), 2.71-2.75 (m, 2H), 2.60-2.66 (m, 2H), 2.28-2.33 (m, 2H), 1.53 (t, 
J = 8.8 Hz, 2H). 13C-NMR (75 MHz, CDCl3) δ (ppm) 145.23, 143.67, 142.34, 128.45, 128.19, 
125.86, 125.79, 125.67, 125.62, 123.59, 57.97, 57.09, 46.87, 44.42, 35.09. IR (KBr) ν (cm-1) 3057, 
2924, 2785, 1600, 1454, 1155, 1122, 760. 
 
Cycloreversion of adduct 34 
Flash vacuum thermolysis of adduct 34 (55 mg; 0.16 mmole) was carried out as follows: the 
substrate was sublimated at 200°C and under reduced pressure of 0.05 mbar. The gas was led 
through the thermolysis oven, which was set at 650°C. The product mixture was trapped at 
the receiving cooler at a temperature of –78°C. When reaction was complete, the product on 
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the receiving cooler was allowed to reach room temperature and then dissolved in 
dichloromethane. After evaporation, the mixture was separated by column chromatography 
(heptane/ ethyl acetate 1:3), affording starting material (7 mg), anthracene (17 mg), and 
pyrrole 35 (15 mg). 1H-NMR of compound 35 (300 MHz, CDCl3) δ (ppm) 7.02-7.29 (m, 5H, 
arom), 6.58 (t, 2H), 6.12 (t, 2H), 4.08 (t, 2H), 3.02 (t, 2H). These data are in agreement with 
those reported.55 
 
10-Oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 38 
A stirred solution of furan (10.23 g; 150 mmole) and maleimide (4.86 g; 50 mmole) 
in diethyl ether (100 ml) was heated under reflux for two days. The reaction 
mixture was allowed to cool to room temperature, upon which a white solid 
precipitated. The precipitate was filtered off en washed with diethyl ether to give a mixture 
of exo- and endo-37 (ratio 5:4) as a white solid (5.04 g; 61%). 
1H-NMR (300 MHz, CDCl3) δ (ppm) 8.09 and 7.71 (br.s, 1H, NH), 6.52 (t, J = 0.9 Hz), 6.51 (t, J 
= 0.9 Hz), 5.32-5.35 (m, 2H), 5.31 (t, J = 1.2 Hz), 3.56-3.57 (m, 2H), 2.89 (s, 2H). 13C-NMR (75 
MHz, CDCl3) δ 176.16, 174.83 (C=O), 136.49, 134.52 (C=C), 80.88, 79.31, 48.63, 47.32. 
 
4-Phenethyl-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 39a 
A mixture of endo- and exo-38 (2.48 g; 15.0 mmole), phenethyl bromide 
(2.05 g; 11.1 mmole) and cesium(I)carbonate (9.7 g; 2 equiv.) in DMF (50 
ml) was stirred for 20 h at room temperature. Water was added to the 
reaction mixture, followed by extraction with ethyl acetate (3x). The 
combined organic phases were washed with water, dried (MgSO4) and concentrated in vacuo, 
affording a red brownish liquid. The crude product was purified by column chromatography 
(heptane/ethyl acetate 2:1) to give a mixture of exo- and endo-39a as a colourless oil (1.60 g; 
54%). An analytical sample of the endo-isomer was obtained as a white crystalline powder 
after further purification by column chromatography and recrystallisation from ethyl acetate. 
Mp. 59-60°C. 1H-NMR (300 MHz, CDCl3) endo-isomer δ (ppm) 7.28-7.21 (m, 5H, arom), 6.50 
(t, J = 0.8 Hz, 2H, HC=CH), 5.25 (t, J = 0.8 Hz, 2H), 3.68-3.73 (m, 2H, N-CH2), 2.83-2.88 (m, 2H, 
CH2Ph), 2.80 (s, 2H). exo-isomer δ (ppm) 7.28-7.21 (m, 5H, arom), 6.20 (t, J = 0.8 Hz, 2H, 
HC=CH), 5.26-5.28 (m, 2H), 3.57-3.62 (m, 2H, N-CH2), 3.45-3.47 (m, 2H), 2.74-2.79 (m, 2H, 
CH2Ph). 13C-NMR (75 MHz, CDCl3) endo-isomer δ (ppm) 175.86 (C=O), 137.74 (quat arom), 
136.47 (C=C), 128.80, 128.39, 126.54 (arom), 80.77 (C-O-C), 47.29 (tert C), 40.12, 33.60 (sec C). 
IR (KBr) ν (cm-1) 3012, 2943, 1769 (s, C=O), 1698 (s, C=O), 1434, 1401, 1355, 1162, 1019. EI/MS: 
m/e (%) 269 (13.8, M+), 201 (72.6, M+ - C4H4O), 110 (31.9, M+ - C4H4O  - C7H7), 104 (100), 91 
(29.0, C7H7+). elem. anal.: calc. (found) for C16H15NO3: C: 71.36 (69.77), H: 5.61 (5.91), N: 5.20 
(5.83). 
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4-(4-Nitrophenethyl)-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 39b 
The title compound was synthesised from imide 38 (2.0 g; 12.1 
mmole) and 4-nitrophenethyl bromide (2.35 g; 10.2 mmole) following 
the synthesis of tricyclodecenedione 39a, affording the crude product 
mixture as a red liquid. Purification using column chromatography 
(heptane/ethyl acetate 2:1) afforded exo-39b as a white solid (337 mg; 10%), and was used as 
such in further synthesis. 
Mp 120-121°C. 1H-NMR (300 MHz, CDCl3) δ (ppm) 8.16 (d, J = 8.8 Hz, 2H, arom), 7.37 (d, J = 
8.8 Hz, arom), 6.26 (t, J = 0.8 Hz, 2H, HC=CH), 5.29-5.31 (m, 2H), 3.59-3.64 (m, N-CH2), 3.50 
and 3.49 (dd, J = 1.65 Hz, 2H), 2.87 (t, J = 7.9 Hz, 2H, CH2Ph). 13C-NMR (75 MHz, CDCl3) δ 
(ppm) 174.51 (C=O), 145.05 (quat arom), 134.33 (C=C), 129.58, 123.69, 79.25 (C-O-C), 45.85 
(tert C), 38.63, 33.09 (sec C). IR (KBr) ν (cm-1) 1770 (s, C=O), 1700 (s, C=O), 1516 (NO2), 1345 
(NO2). 
 
5-Hydroxy-4-phenethyl-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-en-3-one 40a 
Lithium borohydride (1.8 ml of a 2.0 M solution in THF) was added to a 
cooled (0°C) solution of a mixture of endo- and exo-tricyclodecenedione 
39a (637 mg; 2.37 mmole) in THF (10 ml) under an inert atmosphere. The 
reaction mixture was stirred overnight at room temperature. Saturated 
aqueous sodium bicarbonate solution was added, followed by extraction with 
dichloromethane. Drying (MgSO4) of the combined organic phases and evaporation of the 
solvent afforded the crude alcohol 40a as a white solid (499 mg; 78%). Starting from pure 
endo-39a, the endo-isomer of alcohol 40a was obtained exclusively. 
Mp 97-98°C. 1H-NMR (300 MHz, CDCl3) endo-isomer δ (ppm) 7.22-7.30 (m, 5H, arom), 6.35-
6.54 (m, 2H, HC=CH), 5.17 (t, J = 7.5 Hz, 1H), 4.92 (qAB, 1H), 4.73 (d, J = 7.5 Hz, 1H), 3.38-3.72 
(m, 2H, NCH2), 2.89 (t, J = 7.5 Hz, 2H, CH2Ph), 2.71 (d, J = 7.1 Hz, 1H, OH). Exo-isomer δ 
(ppm) 7.20-7.30 (m, 5H, arom), 6.01 and 6.22 (2dd, J = 1.65 Hz J = 6.0 Hz, 2H, HC=CH), 5.07-
5.19 (m, 2H), 4.39 (s, 1H), 3.27-3.69 (m, 2H), 2.77 (t, J = 7.5 Hz, 2H CH2Ph), 2.82 (dd, J = 3.0 Hz 
J = 8.2 Hz, 1H, OH). 13C-NMR (75 MHz, CDCl3) endo-isomer δ 172.37 (C=O), 138.95, 138.34, 
136.56, 135.73, 128.85, 128.71, 128.47, 128.44, 126.44, 86.39, 81.98, 80.52, 49.86, 48.56, 48.14, 
42.32, 41.82, 41.21, 34.07, 33.70. MS (CI+): m/z (%) 271 (17.0, M+), 253 (23.2), 203 (77.7), 162 
(16.7), 112 (100), 104 (38.2), 91 (18.5), 83 (66.6), 77 (17.4), 68 (31.2). elem. anal.: calc. (found) for 
C16H17NO3: C: 70.83 (69.79), H: 6.32 (6.11), N: 5.16 (5.22). 
 
5-Hydroxy-4-(4-nitrophenethyl)-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-en-3-one 40b 
The title compound was prepared following the synthesis of alcohol 
40a, starting with a solution of imide 39b (303 mg; 0.96 mmole) in 
THF (20 ml) and lithium borohydride (1.0 ml of a 2.0 M solution in 
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THF), affording alcohol 40b as an off-white crystalline solid (282 mg; 93%). Mp 150-151°C. 
1H-NMR (300 MHz, CDCl3) δ (ppm) 8.17 (d, J = 8.8 Hz, 2H, arom), 7.38 (d, J = 8.5 Hz, 2H, 
arom), 6.31 and 6.18 (dqAB, J = 5.8 Hz J = 1.65 Hz, 2H, HC=CH), 5.18 (dd, J = 15.6 Hz J = 5.5 
Hz, 2H), 4.46 (d, J = 9.6 Hz, 1H), 3.32-3.64 (m, 3H), 2.89 (t, J = 7.4 Hz, 2H, CH2Ph), 2.83-2.88 
(4xd, J = 5.0 Hz J = 2.9 Hz, 1H), 2.22 (d, J = 9.6 Hz, 1H, OH). 13C-NMR (75 MHz, CDCl3) δ 136. 
47, 132.79, 129.46, 123.69, 82.97, 79.41, 78.88, 48.87, 47.43, 40.54, 33.48. IR (KBr) ν (cm-1) 3207 
(br, OH), 3012, 2937, 2897, 1646, (C=O), 1599, 1513 (NO2), 1463, 1346 (NO2), 1244, 1066, 1022, 
917, 833, 707. MS (CI+): m/z (%) 299 (0.0, MH+ - H2O), 249 (84.8, MH+ - C4H4O), 231, (13.5), 164 
(17.3), 149 (15.1), 119 (24.1), 112 (100), 106 (14.9), 100 (14.1), 83 (35.8), 68 (66.7, C4H4O+). elem. 
anal.: calc. (found) for C16H16N2O5: C: 60.75 (60.60), H: 5.10 (4.91), N: 8.86 (8.68). 
 
2-[(Benzyloxy)methyl]furan 44 
Following the procedure by Achmatowicz56, 2-furylmethanol (7.85 g; 80 mmole) 
was dissolved in DMSO (15 ml). Sodium hydroxide (4.8 g; 120 mmole) was 
powdered and added to the solution. Benzyl chloride (9.5 ml; 80 mmole) was 
added after 1 h and the reaction mixture was then stirred another 3 h until reaction 
completed. The reaction mixture was poured on ice (100 ml), and then extracted with diethyl 
ether (3x 50 ml). The combined organic phases were washed with water, dried (MgSO4) and 
concentrated in vacuo, to give the crude product as a brown oil. Destillation at reduced 
pressure (3 torr, 108°C) gave 2-[(benzyloxy)methyl]furan 44 as a yellow liquid (11.77 g; 78%). 
Spectral data are in agreement with those reported56. 
 
1-[(Benzyloxy)methyl]-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 45 
Maleimide (6.0 g; 62 mmole) was dissolved in diethyl ether (30ml). A solution 
of 2-[(benzyloxy)methyl]furan (11.7 g; 62 mmole) in diethyl ether (20 ml) was 
added and the resulting reaction mixture was then stirred at room 
temperature for 17 h. The precipitate formed was filtered off and dried to give a mixture of 
endo- and exo- 1-[(benzyloxy)methyl]-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 45 as 
a white powder (12.4 g; 70%).  
Mp. 94-97°C. 1H-NMR (300 MHz, CDCl3): both isomers δ (ppm) 8.33 and 7.92 (br.s, 1H, NH), 
7.31-7.37 (m, 5H, arom), 6.53 (d, J = 0.8 Hz, 2H, HC=CHexo), 6.51 and 6.38 (dd, J = 1.65 Hz, J = 
5.8 Hz, 2H, HC=CHendo), 5.31 (d, J = 1.4 Hz, 1H), 4.67 (s, 2H), 4.70 and 4.60 (qAB, JAB = 12 Hz, 
2H), 4.17 (t, J = 11.3 Hz), 4.04 and 3.92 (dd, J = 11.5 Hz), 3.68 and 3.66 (dd, J = 5.5 Hz), 3.53 (d, J 
= 7.7 Hz), 2.99 and 2.89 (qAB, JAB = 6.6 Hz). 13C-NMR (75 MHz, CDCl3) δ 175.48, 174.57, 
174.41, 174.17, 138.00, 137.41, 136.67, 135.37, 135.04, 128.39, 127.78, 127.70, 91.29, 90.67, 80.99, 
79.48, 73.65, 67.50, 51.18, 49.42, 49.10, 47.19. MS (CI+): m/z (%) 285 (0.8, M+), 188 (8.8, M+ - 
C4H3NO2), 107 (47.5, C7H7O+), 97 (49.4, C4H3NO2+), 91 (89.1, C7H7+), 81 (100, C4H3NO+). elem. 
anal.: calc. (found) for C16H15NO4: C: 67.36 (67.03), H: 5.30 (5.14), N: 4.91 (4.94). 
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1-[(Benzyloxy)methyl]-4-phenethyl-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 46 
A mixture of endo- and exo-1-[(benzyloxy)methyl]-10-oxa-4-
azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 45 (3.17 g; 11.1 mmole), 
phenethyl bromide (2.11 g; 11.4 mmole) and cesium(I)carbonate (7.22 
g; 22.1 mmole) in DMF (50 ml) was stirred for 20 h at room 
temperature. Water was added to the reaction mixture, followed by extraction with ethyl 
acetate (2x). The combined organic phases were dried (MgSO4) and concentrated in vacuo, 
affording a red brownish liquid, which was purified by column chromatography 
(heptane/ethyl acetate 2:1) to give a mixture of endo- and exo-1-[(benzyloxy)methyl]-4-
phenethyl-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 46 (3.43 g; 79%). 
Mp. 76-78°C. 1H-NMR (300 MHz, CDCl3): both isomers δ (ppm) 7.20-7.37 (m, 10H, arom), 
6.23 and 6.21 (dd, J = 1.65 Hz, 1H), 6.09 (d, J = 5.8 Hz, 1H), 5.27 and 5.25 (dd, J = 1.65 Hz, 1H), 
4.67 (s, 2H), 4.14 and 4.02 (qAB, JAB = 11.5 Hz, 2H), 3.56-3.60 (m, 3H), 3.43 (d, J = 7.7 Hz, 1H), 
2.77 (t, J = 7.8 Hz, 2H). 13C-NMR (75 MHz, CDCl3) δ 174.71 (C=O), 174.60 (C=O), 137.48, 
137.40, 135.11, 134.75, 128.73, 128.40, 128.39, 127.76, 127.70, 126.65, 91.14, 79.46, 73.63, 67.65, 
47.63, 45.78, 39.30, 33.14. MS (CI+): m/z (%) 389 (0.3, M+), 283 (1.0, M+- C7H6O+), 201 (95.1, M+ - 
C12H12O2), 188 (17.7, C12H12O2+), 110 (57.5), 104 (98.4), 91 (99.2, C7H7+), 81 (100, C4H3NO+). 
elem. anal.: calc. (found) for C24H23NO4: C: 74.02 (73.84), H: 5.95 (5.92), N: 3.60 (3.66).  
 
7-[(Benzyloxy)methyl]-5-hydroxy-4-phenethyl-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-en-3-one 47 
Lithium borohydride (2.4 ml of a 2.0 M solution in THF) was added to 
a cooled (0°C) solution of endo-tricyclodecenedione 46 (861 mg; 2.21 
mmole) in THF (30 ml) under an inert atmosphere. The reaction 
mixture was stirred overnight at room temperature. Since the reaction 
was not complete yet, another equivalent of lithium borohydride was added. After one 
additional day of stirring, saturated aqueous sodium bicarbonate solution was added, 
followed by extraction with dichloromethane. Drying (MgSO4) of the combined organic 
phases and evaporation of the solvent afforded endo-47 as a colourless oil, which was not 
further purified (565 mg; 65%). 
1H-NMR (300 MHz, CDCl3) δ (ppm) 7.21-7.35 (m, 10H, arom), 6.52 (A of qAB, J = 5.8 Hz, 1H), 
6.37-6.44 (m, B of qAB, 1H), 5.18 (d, J = 1.9 Hz, 1H), 4.90 (dd, J = 6.3 Hz, 1H), 4.56 and 4.72 
(qAB, J = 12 Hz, 2H), 3.84 and 3.88 (dd, J = 0.8 Hz, 1H), 3.40-3.68 (m, 2H), 2.77-2.97 (m, 3H), 
2.54-2.68 (m, 3H). 13C-NMR (75 MHz, CDCl3) δ 196.96, 139.61, 138.63, 137.89, 136.81, 136.61, 
135.12, 128.90, 128.72, 128.47, 128.42, 128.29, 127.83, 127.78, 127.59, 126.42, 89.51, 81.88, 79.10, 
73.52, 67.49, 50.60, 43.48, 42.04, 33.77. 
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5-Hydroxy-1-phenethyl-2,5-dihydro-1H-2-pyrrolone 42a 
Hydroxylactam 47 (550 mg; 1.41 mmole) was dissolved in toluene (10 ml) 
and the mixture was heated at reflux for 6 h. Toluene was evaporated, 
affording a mixture of benzyloxymethylfuran 44 and pyrrolone 42a. The 
pyrrolone was isolated by column chromatography (heptane/ethylacetate 1:2) in a yield of 
203 mg (71%) as white crystals. 
Mp 111-112°C. 1H-NMR (300 MHz, CDCl3) δ (ppm) 7.19-7.29 (m, 5H, arom), 6.85 (dd, J = 5.8 
Hz J = 1.65 Hz 1H, HC=C), 6.06 (dd, J = 5.8 Hz J = 0.8 Hz, 1H, C=CH), 5.12 (d, J = 10.7 Hz, 1H), 
3.48-3.80 (m, 2H, NCH2), 3.12 (d, J = 11.5 Hz, 1H, OH), 2.90 (t, J = 7.4 Hz, 2H, CH2Ph). 13C-
NMR (75 MHz, CDCl3) δ 169.43 (C=O), 145.82, 138.72, 128.69, 128.52, 128.48, 126.48, 83.68, 
40.70, 34.57. IR (KBr) ν (cm-1) 3186 (br, OH), 2933 (CH), 2873, (CH), 1662 (C=O), 1594, 1456, 
1415, 1307, 1235, 1119, 1088, 998, 872, 806, 754. MS (EI+): m/z (%) 203 (56.3, M+), 112 (100), 104 
(47.9). elem. anal.: calc. (found) for C12H13NO2 : C: 70.92 (70.96), H: 6.45 (5.81), N: 6.89 (6.74) 
 
5-Hydroxy-1-(4-nitrophenethyl)-2,5-dihydro-1H-2-pyrrolone 42b 
Hydroxylactam 40b (102 mg; 0.32 mmole) was dissolved in toluene (10 
ml) and the solution was heated at reflux for 24 h. A yellow solid 
precipitated, when the reaction mixture was allowed to cool to room 
temperature. Filtration of the precipitate gave pyrrolone 42b (73 mg; 91%). 
Mp 191.5-193.5°C. 1H-NMR (300 MHz, CDCl3) δ (ppm) 8.16 (d, J = 8.8 Hz, 2H, arom), 7.40 (d, 
J = 8.8 Hz, 2H, arom), 6.91 (dd, J = 6.0 Hz J = 1.65 Hz, 1H, HC=C), 6.16 (dd, J = 5.8 Hz J = 0.8 
Hz, 1H, C=CH), 5.22 (d, J = 11.2 Hz, 1H), 3.60-3.83 (m, 2H, NCH2), 3.06 (d.tr, J = 7.4 Hz J = 1.9 
Hz, 2H, CH2Ph), 2.03 (d, J = 11.8 Hz, 1H, OH). 13C-NMR (75 MHz, CDCl3) δ 169.07 (C=O), 
146.42, 145.03, 129.56, 129.03, 123.75, 83.73, 40.23, 34.55. IR (KBr) ν (cm-1) 3236 (br, OH), 2939 
(CH), 2846, (CH), 1664 (C=O), 1597, 1509 (NO2), 1342 (NO2), 1300, 1106, 1002, 856, 801, 696, 
499. MS (CI+): m/z (%) 248 (11.8,M+), 231 (6.3), 149 (16.8), 133 (7.7), 112 (100), 83 (93), 55 (55.0). 
elem. anal.: calc. (found) for C12H12N2O4 : C: 58.06 (58.36), H: 4.87 (4.78), N: 11.28 (11.25) 
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SOLID-PHASE SYNTHESIS OF 
HYDROXYPYRROLINONES USING 
IMMOBILISED FURAN IN THE  
DIELS ALDER/RETRO DIELS ALDER 
CONCEPT 
 
 
 
 
5.1 INTRODUCTION 
 
 The studies reported in Chapter 4 learned that an efficient synthesis of 5-
hydroxypyrrolinones is feasible applying the Diels Alder/retro-Diels Alder 
methodology, when furan is used as the protective diene. Moreover, it has been 
demonstrated that the application of immobilised cyclopentadiene and anthracene in 
the Diels Alder/retro-Diels Alder concept is frustrated by the high temperatures 
required for an effective cycloreversion (see Chapters 2 and 3). Therefore, 
immobilised furan appears to be the best polymer support in the present approach to 
a combinatorial synthesis of interesting nitrogen containing heterocycles, such as 5-
hydroxypyrrolinones. Although the usually inferior Diels Alder reactivity of furan1,2 
compared to cyclopentadiene and anthracene, and the acid and base lability of the 
furan adducts, may hamper a general use of immobilised furan in the Diels 
Alder/retro-Diels Alder methodology, a solid-phase synthesis of 5-
hydroxypyrrolinones using the conditions described in paragraph 4.3.3 seems 
feasible. At the end of this chapter, this synthesis using immobilised furan will be 
5  
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discussed. The first paragraphs will focus on the immobilisation of furan to a 
polystyrene based resin, and some preliminary results on the Diels Alder reactivity 
of the resulting immobilised furan will be described.  
 
 Literature on immobilised furan is scarce but inspiring. Rotello et al. explored 
immobilised furan3, in addition to their investigations of the Diels Alder reactivity of 
fullerenes with immobilised cyclopentadiene4. The preparation of immobilised furan 
was simply accomplished by reacting Merrifield resin 1 with the sodium furfurylate 
2, providing functionalised resin 3 (Scheme 5.1). No mention was made of the 
efficiency of this immobilisation in terms of the amount of furan that is bound per 
gram of the resin. Surprisingly, the resulting immobilised furan 3 was found to be 
twice as reactive as immobilised cyclopentadiene in the [4+2} Diels Alder reaction 
with fullerene, affording immobilised adduct 4. 
 
O
O
O
O  Na
Cl
+
1 2 3 4
O
O
 
Scheme 5.1 
 
In the course of the study described in this chapter, Bloch et al.5 reported the 
synthesis of immobilised furfuryl alcohol 6, which in essence is Wang-supported 
furan. The preparation of immobilised furan 6, however, was not achieved by 
starting with the Wang resin. Instead, alcohol 5 was synthesised in five steps, and 
subsequently immobilised on Merrifield resin 1, applying standard conditions 
(Scheme 5.2). The formation of immobilised furan 6 was confirmed by 1H and 13C 
MAS NMR spectra. Infrared spectroscopy clearly showed the disappearance of the 
υC-Cl band at 1265 cm-1 and the appearance of a broad band at 1230 cm-1 and 
characteristic bands of the furan group at 1508 and 1008 cm-1. 
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i) BrBn, K2CO3, Aliquat® 336 (0.01 equiv.), 100°C, 6 h, 98%; ii) LAH (1.5 equiv.), Et2O, 0°C then rt, 2 h, 
100%; iii) PBr3, CH2Cl2, 0°C → rt, 15 h, 91%; iv) Difurylcopperlithium (1.7 equiv.), Et2O/THF, -40°C → rt, 
15 h, 94%. v) Na/n-BuOH, 80°C, 6 h, 94%; vi) Cs2CO3 (3.0 equiv.), NaI (1.0 equiv.), DMF, rt, 24 h. 
 
Scheme 5.2 
 
Interestingly, immobilised furan 6 was applied in the synthesis of chemically 
and stereochemically pure alkenes using the Diels Alder/retro-Diels Alder 
methodology (Scheme 5.3). Cycloadduct 8 was obtained in a Diels Alder reaction of 
immobilised furan 6 with 4,4-diethoxybut-2-ynal 7. The adduct was thermally stable, 
but when the conjugated double bond was converted into a single bond by 
reduction, cycloreversion occurred at very low temperatures. In a typical example, 
the Michael adduct 9 obtained from thiophenol and cycloadduct 8 was only isolated 
at temperatures below –35°C. Stirring of resin 9 in THF at –2°C caused a 
cycloreversion reaction, affording trisubstituted enal (Z)-10. This report is a first 
successful example based on immobilised furan and using the Diels Alder/retro-
Diels Alder methodology. Evidently, further exploration is needed to establish the 
scope and limitations of immobilised furan in combinatorial syntheses. In contrast to 
Bloch’s work, the study described in this chapter involves a simple coupling of a 
furfuryl alcohol to the Merrifield resin and the Diels Alder reactivity of the resulting 
immobilised furan. 
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i) Na2CO3, BHT, toluene, 90°C, sealed tube  ii)PhSH (5.0 equiv.), NaH (0.4 equiv.), THF, -40°C → -35°C, 22 h  
iii) filtration and washing with THF, THF/MeOH, THF at 35°C → -2°C, 15 h. 
 
Scheme 5.3 
 
5.2 IMMOBILISATION OF FURFURYL ALCOHOL 
 
The immobilisation procedure as described by Rotello et al.3 was taken as the 
lead. Thus, a suspension of the Merrifield resin in toluene was stirred with sodium 
furfurylate, which was prepared in situ from furfuryl alcohol and sodium hydride in 
toluene. Surprisingly, hardly any immobilisation of furan to the resin was observed 
as indicated by the insignificant mass increase of the resulting resin. However, when 
the reaction was carried out in DMF instead of toluene, furfuryl alcohol 11 was found 
to bind very effectively to the Merrifield resin. Thus, immobilised furan 3 was 
obtained on multi-gram scale with a loading of 1.35 mmole/gram. Infrared 
spectroscopy confirmed the coupling of furfuryl alcohol by the disappearance of the 
υC-Cl band at 1265 cm-1 and appearance of two sharp bands at 1427 and 1147 cm-1 due 
to the ether bond and one at 1350 cm-1. 
Further optimisation of the coupling reaction, for example by increasing the 
reaction temperature or using THF as a solvent, was unsuccessful. In conclusion, 
furan was efficiently immobilised by reacting the sodium alkoxide of furfuryl alcohol 
with the Merrifield resin in DMF at room temperature. 
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Scheme 5.4 
 
5.3 DIELS ALDER REACTIVITY OF IMMOBILISED FURAN  
 
As already mentioned in paragraph 4.1, in solution, furan adducts are not 
generally formed quantitatively. In particular, cycloadducts of maleimide or maleic 
anhydride are in equilibrium with their components at room temperature. This 
equilibrium can be shifted in favour of the cycloadduct by adding the dienophile in 
large excess. Therefore, immobilised furan 3 was stirred with an excess of four 
different dienophiles, viz. maleimide, maleic anhydride and p-benzoquinone (Scheme 
5.5). Generally, the reactions were carried out at room temperature in different 
solvents, viz. DMF, THF and dichloromethane. When THF was applied as the 
solvent, a reaction temperature of 66°C was employed. 
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Scheme 5.5 
 
The formation of immobilised maleimide adduct 13 was observed when the 
cycloaddition was carried out in THF at a temperature of 66°C (entry 3, Table 5.1). 
The appearance of a distinctive carbonyl absorption at 1717 cm-1 was taken as a proof 
for the formation of the adduct. Elemental analysis of the resin showed a nitrogen 
content of 1.54%, which corresponds to a loading of 1.10 mmole of maleimide 
adduct/g of resin, implying an efficicient cycloaddition. On the contrary, hardly any 
maleimide adducts were found in DMF and dichloromethane at room temperature 
(entry 1,2, Table 5.1). Unlike the cycloaddition of maleic anhydride and furan in 
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solution, which readily gives the adduct at room temperature, the reaction of 
immobilised furan 3 with maleic anhydride did not produce any adduct in all 
solvents studied. No characteristic anhydride absorptions at 1760 and 1870 cm-1 were 
observed in the infrared spectra of the isolated resins (entries 4-6, Table 5.1). The 
absence of a benzoquinone addition product in the reaction with immobilised furan 3 
is not surprising as in solution, too, furans generally refuse to react with 
benzoquinone. 
 
 
Table 5.1 Diels Alder reactions with immobilised furan 3. 
entry dienophile solvent temperature Loadinga) 
(mmole/g) 
carbonyl  absorptions 
(cm-1) 
1 maleimide CH2Cl2 rt <0.1b) 1720 
2 maleimide DMF rt <0.1b) - 
3 maleimide THF 66°C 1.10 1717 
4 maleic anhydride CH2Cl2 rt c) - 
5 maleic anhydride DMF rt c) - 
6 maleic anhydride THF rt c) - 
7 benzoquinone CH2Cl2 rt c) - 
a) Calculated from the nitrogen content determined by elemental analysis. 
b) An accurate determination of the nitrogen content was not possible, as it was below 1%. 
c) No adduct formation was observed. 
 
In conclusion, the Diels Alder reactivity of immobilised furan is limited, as 
amongst the dienophiles studied, only the maleimide gives an effective 
cycloaddition. The efficiency of this cycloaddition is fairly satisfactory, and allows 
further application in the solid-phase synthesis of 5-hydroxypyrrolinones. 
 
5.4 SOLID-PHASE SYNTHESIS OF 5-HYDROXYPYRROLINONES VIA THE 
DIELS ALDER/RETRO-DIELS ALDER CONCEPT 
 
 The solution-phase synthesis of 5-hydroxypyrrolinones described in Chapter 4 
is now extrapolated to the solid-phase starting with the immobilised maleimide 
adduct 13 (Scheme 5.6). Using similar conditions as described for the analogous 
solution-phase synthesis, viz. reaction with phenethylbromide in the presence of 
cesium(I) carbonate as the base in DMF at room temperature, immobilised 
phenethylmaleimide adduct 14 was obtained. The N-alkylation was confirmed by the 
shift of the carbonyl absorbance from 1717 to 1705 cm-1 in the infrared spectrum of 
the resulting resin. Reduction was subsequently carried out with lithium 
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borohydride in tetrahydrofuran. The infrared spectrum of the resulting immobilised 
compound showed a broad band at 3432 cm-1, indicative of a hydroxyl absorption. 
Hence, the reduction to immobilised hydroxylactam 15 seemed to be successful, 
although the carbonyl absorption was not significantly shifted in comparison with 
the starting imide 14, as was observed for the non-immobilised analogues. 
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i)Phenthylbromide, DMF, Cs2CO3, rt, 20 h  ii)LiBH4, THF, rt, 17 h  iii)toluene, 110°C, 4 h. 
 
Scheme 5.6 
 
The immobilised structure obtained was finally treated under static thermal 
conditions in refluxing toluene, in order to accomplish a cycloreversion, resulting in 
cleavage of the chemically transformed dienophiles from the resin. After stirring for 
four hours at 110°C, 5-hydroxypyrrolinone 16 was obtained as the main compound, 
according to 1H-NMR analysis. 
 In conclusion, the results of the preliminary study on the solid-phase synthesis 
of hydroxypyrrolinone 16 is very promising. Optimisation of the reaction conditions 
may lead to a generally applicable solid-phase synthetic route towards different 5-
hydroxypyrrolinone derivatives. Such a general method eventually allows a 
combinatorial approach, producing a library of these pharmaceutically interesting 
synthons. 
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5.5 CONCLUDING REMARKS 
 
 The coupling of the anion of furfuryl alcohol with the Merrifield resin proved 
to be an efficient method to prepare a furan-functionalised resin. Thus, immobilised 
furan 3 with a loading of approximately 1.35 mmole/gram was obtained at multi-
gram scale. As expected, the Diels Alder reactivity of immobilised furan turned out 
to be dependent on the dienophile. The maleimide cycloadducts 13 and 14 could be 
obtained in good yields. In contrast to expectations, cycloaddition of immobilised 
furan with maleic anhydride was not observed. Benzoquinone did not undergo 
cycloaddition with immobilised furan either, but this is in agreement with the very 
low reactivity of furan towards benzoquinone in solution. 
Inspired by the application of immobilised furan in the Diels Alder/retro-
Diels Alder concept reported by Bloch et al.5, the immobilised furan maleimide 
adduct 13 was used as the starting material in the solid-phase synthesis of 5-
hydroxypyrrolinones. N-alkylation and subsequent reduction of this immobilised 
maleimide were carried out successfully to afford the immobilised tricyclic 
hydroxylactam 15. Cycloreversion under static thermal conditions, viz. in toluene at 
110°C, smoothly led to the cleavage of 5-hydroxypyrrolinone 16 from the solid 
support. As a final conclusion, these first results demonstrate that our approach 
using the Diels Alder/retro-Diels concept as a traceless linking strategy, can provide 
an expedient solid-phase synthetic procedure towards 5-hydroxypyrrolinones. 
 
5.6 EXPERIMENTAL SECTION 
 
General Remarks: 
Melting points were determined using a Reichert thermopan microscope (uncorrected), or 
using a Büchi Melting Point B-545 (corrected). 100 MHz 1H-NMR spectra were recorded on a 
Bruker AC-100 spectrometer, 200 MHz 1H-NMR spectra were recorded on a Bruker AC-200 
spectrometer and 300 MHz 1H-NMR and all 13C-NMR spectra were recorded on a Bruker 
AC-300 spectrometer using tetramethylsilane (TMS) as an internal standard. FTIR spectra 
were recorded on an ATI Mattson – Genesis Series FTIR spectrophotometer or a BioRad FTS-
25 spectrometer. For high-resolution mass spectra a double focusing VG7070E mass 
spectrometer was used. GC/MS was performed on a Varian Saturn GC/MS (Ion trap) 
equipped with a DB-5 column (30m x 0,25mm). Elemental analyses were performed using a 
Carlo Erba Instruments CHNS-O EA 1108 element analyzer. Gas chromatographic (GC) 
analyses were performed on a Hewlett-Packard HP5890II gas chromatograph (flame 
ionisation detector, FID) equipped with an HP-3396II integrator, using a capillary column 
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(HP-1, 25 m x 0.31 mm x 0.17 µm) and nitrogen at 2 ml/min (0.5 atm) as the carrier gas. 
Diethyl ether was distilled from sodium hydride. Tetrahydrofuran was distilled from 
sodium and benzophenone. Heptane and dichloromethane were distilled from calcium 
hydride. Ethyl acetate was distilled from potassium carbonate. Other solvents were distilled 
if necessary. The Merrifield resin used was obtained from Fluka and cross-linked with 1% 
divinylbenzene and contained 1.7 mmole Cl/g resin. 
 
Immobilised furan 3 
A solution of freshly distilled furfuryl alcohol (5.0 g; 51 mmole) in DMF (20 ml) 
was added to a suspension of NaH (60% in mineral oil, 2.17 g; 54 mmole) in 
DMF (30 ml). The mixture was stirred for 1.5 h under nitrogen atmosphere at 
room temperature and then added to Merrifield resin (2.8022 g). The suspension was stirred 
for 28 h at room temperature. The resin was then filtered off, washed with methanol, 
heptane, dichloromethane, methanol, dichloromethane, methanol, dichloromethane and 
diethyl ether. After drying at reduced pressure, resin 3 was obtained (3.0558 g). Based on 
weight increase, the loading is 1.35 mmole of furan/g of resin. 
IR (KBr) ν (cm-1) 3079, 3056, 3023, 2913, 2843, 1598, 1491, 1428 (C-O-C), 1351, 1147 (C-O-C), 
1065, 1014, 914, 813. 
 
Attempts to prepare immobilised 10-oxa-4-oxotricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 12 
Generally, immobilised furan 3 (approx. 100 mg) was stirred in a 0.04 M solution of maleic 
anhydride in THF, DMF or dichloromethane (10 ml) at room temperature for 17 h. The 
resulting suspension was filtered off, washed repeatedly with methanol and 
dichloromethane, and finally dried at reduced pressure. Infrared spectral data did not show 
a C=O absorption, but showed the product to be immobilised furan 3. 
 
Immobilised 10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 13 
Immobilised furan 3 (970.3 mg; 1.35 mmole/g) was suspended in THF (40 ml) 
and maleimide (112 mg; 1.15 mmole) was added to the stirred suspension. 
The mixture was then heated at reflux for two days. The resulting resin was 
filtered off, washed alternately with methanol and dichloromethane, and 
finally dried at reduced pressure, affording resin 13 (1055.9 mg). Analysis found: N 1.54%, 
corresponding to 1.10 mmole nitrogen/g. 
IR (KBr) ν (cm-1) 3079, 3056, 3022, 2917, 2848, 2770, 1798, 1772, 1717 (strong, C=O), 1599, 1491, 
1450, 1418, 1353, 1283, 1213, 1178, 1148, 1065, 1015, 914, 814. 
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Immobilised 4-phenethyl-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione 14 
Immobilised adduct 13 (360 mg) was suspended in freshly distilled 
DMF (10 ml). Phenethylbromide (415 mg; 2.2 mmole) and cesium(I) 
carbonate (450 mg; 1.4 mmole) were added and the reaction mixture 
was stirred at room temperature for 20 h. The resin was filtered off, 
washed with dichloromethane and methanol, and dried at reduced pressure, yielding resin 
14 (354 mg). 
IR (KBr) ν (cm-1) 3079, 3055, 3021, 2915, 2845, 2770, 1770 (C=O), 1702 (C=O), 1599, 1492, 1451, 
1355, 1221, 1149, 1067. 
 
Immobilised 5-hydroxy-4-phenethyl-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-en-3-one 15 
Immobilised phenethylmaleimide 14 (120 mg) was suspended in THF 
(5 ml). A 2M solution of lithium borohydride in THF (1 ml) was 
added and the mixture was stirred at room temperature for 17 h. The 
resin was filtered off, washed with dichloromethane, methanol and 
finally with diethyl ether. After drying at reduced pressure, resin 15 (116 mg) was obtained. 
IR (KBr) ν (cm-1) 3433 (OH), 3079, 3056, 3022, 2915, 2845, 1697 (C=O), 1599, 1492, 1450, 1352, 
1149, 1067, 1015. 
 
5-hydroxy-1-phenethyl-2,5-dihydro-1H-2-pyrrolone 16 
Immobilised hydroxylactam 15 (91 mg) was suspended in toluene (10 ml) and heated at 
reflux for 4 h. The resin was filtered off and washed with dichloromethane and methanol. 
The combined filtrates were concentrated in vacuo to give 5-hydroxypyrrolinone 16. 
1H-NMR (300 MHz, CDCl3) δ (ppm) 7.02-7.18 (m, 5H), 6.84 (d, J = 5.9 Hz, 1H), 6.14 (d, J = 5.9 
Hz, 1H), 5.11 (d, J = 9.0 Hz, 1H), 3.47-3.80 (m, 2H), 3.11 (d, J = 11.0 Hz, 1H), 2.93 (t, J = 7.2 Hz, 
2H). 
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SUMMARY 
 
 
 
 
 This thesis deals with the conceivable transfer of the Diels Alder/retro-Alder 
concept to the solid phase in order to broaden the scope of the methodology to a 
combinatorial level. In addition, based on this methodology the development of a 
traceless thermocleavable linking system for Solid-Phase Organic Synthesis (SPOS) is 
described (Scheme 1). As a possible application of this linker system, the solid-phase 
synthesis of precursors of pharmaceutically interesting CNS-active heterocyclic 
compounds via N-acyliminium ion chemistry was investigated. 
 
X
Y
XY
R
X
Y
X
X X
R
chemical
modification
chemical
modification
cleavage through
thermal cycloreversion
[4+2] D.A reaction
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Scheme 1 
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 The introductory Chapter 1 briefly reviews the Diels Alder/retro-Diels Alder 
methodology. The basic concept is illustrated by the endo-tricyclo[5.2.1.02.6]-
decadienone system, which has been studied in our group to establish a general 
route to cylopentenoid natural products. Additionally, a short overview of the 
hitherto described examples of the Diels Alder/retro-Diels Alder concept on solid-
phase is presented as well as an introduction to linking strategies in SPOS, especially 
traceless linking. 
 In Chapter 2, the synthesis and reactions of immobilised cyclopentadiene in 
the Diels Alder/retro-Diels Alder concept is described. First, silica-bound 
cyclopentadiene 4 that was available from an external source was reacted with 
reactive dienophiles, such as benzoquinone, maleic anhydride and 
tetracyanoethylene, affording the corresponding cycloadducts 5a-c, albeit in 
disappointing yields (Scheme 2). Cycloreversion of these silica-bound cycloadducts 
has been carried out under dynamic thermal conditions. It was found that chemical 
transformations of the silica-bound cycloadducts are severely hampered by 
absorption of water, which is generally needed during work-up. Consequently, silica 
is not particularly suitable as a solid support for the immobilisation of 
cyclopentadiene in the Diels Alder/retro-Diels Alder concept. 
 
5a 25%
5b 16%
5c 12%
4
O
O
O
Si
O
O
Si
CN
CN
CN
CNSi
Si
 
Scheme 2 
 
 The immobilisation of cyclopentadiene on a polystyrene-based resin, viz. the 
Merrifield resin (6a), has been accomplished using sodium cyclopentadienylide in 
THF at 45°C in a yield of 70% (Scheme 3).  
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6a Merrifield 
6b Wang
1a X=Y=CH2
1b X=CH2, 
     Y= CH2OPhCH2 
Na+
THF, 45°C
XY
Cl
 
Scheme 3 
 
 The Diels Alder reactivity of immobilised cyclopentadiene 1a was tested with 
a series of reactive dienophiles, e.g. benzoquinone (Scheme 4), and generally turned 
out to be comparable with that of cyclopentadiene in solution. Immobilised 
cyclopentadiene principally can react in three ways, affording three different 
cycloadducts, i.e. attached to the resin at three different positions. In order to 
determine the ratio of these cycloadducts, cyclopentadiene was immobilised starting 
from chlorinated Wang resin 6b. Cycloaddition with benzoquinone afforded the 
immobilised cycloadduct 7b that was subjected to strong acid in order to cleave the 
entire tricyclic system from the resin. GC/MS analysis of the product mixture 
revealed the occurrence of a major cycloadduct, but the exact structure could not be 
determined. 
1a X=Y=CH2
1b X=CH2
     Y=CH2OPhCH2 
XY
7b X=Y=CH2
7b X=CH2
     Y=CH2OPhCH2  
benzoquinone
1a X=Y=CH2 
XY
O
O
+
X
DMF, PhCl2, 150-180°C
200°C, 0.05 mbarX
O
O
Y
 
Scheme 4 
 
 Cycloreversion of the immobilised cycloadducts leading to regeneration of the 
dienophiles was accomplished under dynamic thermal conditions (Scheme 4). At 
temperatures varying from 150° to 250°C, the yield of dienophiles was generally 
rather low, except for benzoquinone. The immobilised benzoquinone adduct was 
also subjected to the static thermolysis protocol in a high-boiling solvent, but no 
cycloreversion was observed under these conditions. 
 It was also found that the enone moiety in immobilised adduct 7 is 
unexpectedly unreactive. In contrast, chemical transformations with the immobilised 
maleic anhydride cycloadduct could be achieved. As a conclusion, immobilised 
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cyclopentadiene is not particularly useful in the Diels Alder/retro-Diels Alder 
concept. Serious problems are encountered in both the chemical transformations of 
the immobilised adducts, and the thermal regeneration of the modified dienophilic 
product. The high temperatures required to induce cycloreversion, particularly, are a 
major blocking factor. 
 In Chapter 3, the application of anthracene as an alternative for 
cyclopentadiene in the Diels Alder/retro-Diels Alder concept is discussed. The 
immobilisation of anthracene starts with the preparation of the anthryl alcohols 8-10 
(Figure 1), which were subsequently coupled to the Merrifield resin. Thus, different 
forms of immobilised anthracene with moderate loadings were obtained. 
 
8a n=1
  b n=2
9 10
OH
n
OH OH
 
Figure 1 Possible anthryl alkanols. 
 
 All immobilised anthracenes studied, for example resin 11, afforded 
cycloaddition products with reactive dienophiles, viz. benzoquinone, maleimide, 
tetracyanoethylene and maleic anhydride (Scheme 5) at temperatures over 130°C. 
The formation of the immobilised adducts 12a-d was unequivocally proven by 
infrared analysis. The efficiency of the cycloaddition with maleimide or 
tetracyanoethylene was determined by elemental analysis, and was excellent. 
O
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SUMMARY  
 
115 
Unfortunately, the cycloreversion of the immobilised anthracene cycloadducts 
under dynamic thermal conditions could not be accomplished at lower temperatures 
than those required for the cycloreversion of the immobilised cyclopentadiene 
cycloadducts. Instead, at 200°C, only cycloreversion of the maleimide cycloadduct 
was observed. Applying higher temperatures resulted in decomposition of the resin. 
In contrast to the expectations, immobilised anthracene is not a good alternative for 
immobilised cyclopentadiene in the solid-phase Diels Alder/retro-Diels Alder 
concept. 
 Chapter 4 deals with the solution-phase synthesis of unsaturated nitrogen 
heterocycles via N-acyliminium ion intermediates, such as indolizinones 13, 14, and 
pyrrolidinoisoquinolines 15 and 16, using the Diels Alder/retro-Diels Alder concept. 
Cyclopentadiene, anthracene and furan were studied as the protective dienes. 
 
NN O
13 14
N O
15 16
N
  
 
 
Figure 2 Unsaturated indolizinones and pyrrolidinoisoquinolines. 
 
The nitrogen containing polycyclic structure 20 was prepared in three steps 
starting from cyclopentadiene and N-phenethylmaleimide 17 (Scheme 6). 
Unfortunately, the final cycloreversion step under dynamic thermal conditions, 
which would produce the desired pyrrolidinoisoquinoline, failed at temperatures 
below 450°C. When anthracene was applied as the protecting diene, the 
corresponding cycloadduct 21 could not be subjected to dynamic thermal conditions, 
due to its low volatility (Scheme 7). The more volatile derivative 22 did react under 
these conditions, but the cycloreversion product turned out to be unstable and 
immediately rearranged to pyrrole 23 via a radicalar mechanism. 
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i) methanol, 17h, rt; ii) NaBH4/H+, methanol; iii) trifluoroacetic acid, CH2Cl2. 
Scheme 6 
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Scheme 7 
 
 Furan adducts give a smooth cycloreversion under static thermal conditions 
already at 110°C. The N-acyliminium ion chemistry, however, appeared not 
applicable due to the acid lability of the oxygen bridge in the furan adducts. 
Nevertheless, the mild cycloreversion conditions that are required allowed an 
elegant synthesis of 5-hydroxypyrrolinones 25 (Scheme 8). Further studies in solution 
with benzyloxymethylfuran as a model compound for immobilised furan revealed 
that a translation of this synthetic path to a solid-phase route is conceivable. 
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endo/exo-24a : R=H
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Scheme 8 
 
In Chapter 5, the preliminary results of such a solid-phase route to 5-
hydroxypyrrolinones 25 are given. For that reason, furfuryl alcohol was first coupled 
to the Merrifield resin, giving immobilised furan 26. The Diels Alder reactivity of 
furan 26 towards maleimide was good, providing immobilised maleimide 
cycloadduct 27, which in two more steps was converted in immobilised 
hydroxylactam 29. Finally, 5-hydroxypyrrolinone 25 was successfully cleaved from 
the resin by a cycloreversion reaction in toluene at 110°C (Scheme 9). 
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i) maleimide, THF, 66°C ii)Phenethylbromide, DMF, Cs2CO3, rt, 20 h  iii)LiBH4, THF, rt, 17 h  iv)toluene, 
110°C, 4 h. 
 
Scheme 9 
 
 In summary, this thesis describes the scope and limitations of immobilised 
cyclopentadiene, anthracene and furan in the Diels Alder/retro-Diels Alder concept. 
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All three immobilised dienes undergo Diels Alder additions to give the immobilised 
cycloadducts. The thermal cycloreversion could only be efficiently accomplished 
with an immobilised furan cycloadduct. Both for the cyclopentadiene and the 
anthracene adducts, the temperatures required to accomplish the cycloreversion  
reaction were too high for practical purposes. Therefore, the immobilised anthracene 
and cyclopentadiene adducts are not applicable in a thermocleavable traceless 
linking strategy. The immobilised furan adducts, however, look promising as key 
intermediates for this purpose, illustrated by the synthesis of 5-hydroxypyrrolinones 
described in the last chapter. 
Summaries in English and Dutch conclude this thesis. 
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SAMENVATTING 
 
 
 
 Dit proefschrift behandelt de vertaling van de Diels Alder/retro-Diels Alder 
methodologie naar de vaste drager, met als uiteindelijk doel de uitbreiding van dit 
zeer krachtige concept naar een combinatorieel niveau. Bovendien wordt de 
ontwikkeling van een ‘traceless’ thermolytisch te splitsen linkersysteem gebaseerd op 
deze methodologie voor de vaste dragerchemie beschreven (Schema 1). Daarnaast is 
de klassieke synthese van farmaceutisch zeer interessante stikstofhoudende 
verbindingen met behulp van N-acyliminiumion chemie bestudeerd, en de mogelijke 
vertaling ervan naar de vaste drager, gebruik makend van het ontwikkelde 
linkersysteem. 
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 Het inleidende Hoofdstuk 1 geeft een kort overzicht van de Diels 
Alder/retro-Diels Alder methodologie, met name geïllustreerd door het endo-
tricyclo[5.2.1.02.6]-decadienon systeem, dat in de synthese van cyclopentenoïde 
natuurstoffen toegepast wordt. Verder wordt een aantal voorbeelden gegeven van 
tot nu toe in de literatuur verschenen toepassingen van dit concept op de vaste 
drager. Een korte beschrijving van linker strategieën, die gebruikt worden bij 
organische synthese op de hars, met de nadruk op ‘traceless’ linkers, besluit dit 
hoofdstuk. 
 In Hoofdstuk 2 wordt de toepassing van cyclopentadieen in het Diels 
Alder/retro-Diels Alder concept op de vaste drager beschreven. Als eerste is 
cyclopentadieen, dat geïmmobiliseerd is op een silica drager, in reactie gebracht met 
reactieve diënofielen, zoals benzochinon, maleïnezuur anhydride en 
tetracyanoethyleen (TCNE), wat resulteerde in de overeenkomstige cycloadducten 
5a-c. De opbrengsten waren teleurstellend (Schema 2). Cycloreversie van deze 
cycloadducten is vervolgens uitgevoerd onder dynamisch thermische condities. 
Verder is gevonden dat de silica-drager zeer makkelijk water absorbeert, waardoor 
chemische omzettingen van de cycloadducten op de silica drager alleen watervrij 
uitgevoerd kunnen worden. Dit beperkt de mogelijkheden van de silica als vaste 
drager zodanig, dat het niet het geschikt is om toe te passen in de Diels Alder/retro-
Diels Alder methodologie. 
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 De koppeling van cyclopentadieen op een polystyrene hars, namelijk de 
Merrifield hars (6a), is uitgevoerd met natrium cyclopentadiënide in THF bij 45°C 
met een opbrengst van 70% (Schema 3).  
 
6a Merrifield 
6b Wang
1a X=Y=CH2
1b X=CH2, 
     Y= CH2OPhCH2 
Na+
THF, 45°C
XY
Cl
 
Schema 3 
 
 De Diels Alder reactiviteit van geïmmobiliseerd cyclopentadieen 1a is 
onderzocht voor een aantal reactieve diënofielen, bijv. benzochinon (Schema 4). De 
reactiviteit kwam in het algemeen overeen met die van cyclopentadieen in oplossing. 
Om een beeld te krijgen hoe de cycloadducten gekoppeld zijn aan de hars is 
cyclopentadieen ook geïmmobiliseerd op de Wang-hars (6b), waarna een Diels Alder 
reactie met benzochinon de gekoppelde structuur 7b opleverde. Vervolgens was het 
mogelijk het gehele cycloadduct, inclusief de linker, met behulp van zuur als een 
mengsel van de drie mogelijke isomeren af te splitsen. Dit mengsel werd met 
GC/MS geanalyseerd. Hoewel de exacte structuren van de verschillende isomeren 
zo niet achterhaald konden worden, werd duidelijk dat koppeling op één van de drie 
mogelijke posities de voorkeur had.  
 
1a X=Y=CH2
1b X=CH2
     Y=CH2OPhCH2 
XY
7b X=Y=CH2
7b X=CH2
     Y=CH2OPhCH2  
benzochinon
1a X=Y=CH2 
XY
O
O
+X
DMF, PhCl2, 150-180°C
200°C, 0.05 mbarX
O
O
Y
 
 
Schema 4 
 
 Cycloreversie van de geïmmobiliseerde cycloadducten, waardoor de 
diënofielen weer afgesplitst worden, werd uitgevoerd onder dynamisch thermische 
condities bij temperaturen variërend van 150 to 250°C. De opbrengst was meestal vrij 
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laag, behalve in het geval van benzochinon. Het geïmmobiliseerde benzochinon 
adduct is bovendien nog in een hoogkokend oplosmiddel verhit (statisch thermische 
condities), maar in dat geval vond geen cycloreversie plaats. 
 Tot grote verrassing bleek het enon systeem in het geïmmobiliseerde 
benzochinon cycloadduct niet reactief te zijn, in tegenstelling tot hetzelfde enon 
systeem in oplossing. Chemische omzettingen van het geïmmobiliseerde 
maleïnezuur anhydride cycloadduct waren wel mogelijk. Deze resultaten overziend, 
kan geconcludeerd worden dat cyclopentadieen zowel op silica als op een 
polystyrene hars niet bijzonder geschikt is voor een combinatoriële benadering, 
hoewel het Diels Alder/retro-Diels Alder concept in beide gevallen toepasbaar is. 
 In Hoofdstuk 3 wordt de toepassing van anthracene als een alternatief voor 
cyclopentadieen in het Diels Alder/retro-Diels Alder concept bestudeerd. De 
koppeling van anthraceen aan de Merrifield hars begon met de synthese van de 
anthryl alcoholen 8-10 (Figuur 1), die vervolgens in een redelijke belading op de hars 
gezet konden worden. 
 
8a n=1
  b n=2
9 10
OH
n
OH OH
 
Figuur 1 Mogelijke anthryl alcoholen. 
 
 De geïmmobiliseerde anthracenen, die zo verkregen waren, reageerden in een 
Diels Alder reactie met benzochinon, maleïnezuur anhydride, maleïmide en 
tetracyanoethyleen (TCNE) bij temperaturen boven 130°C (Schema 5). De vorming 
van de bijbehorende cycloadducten 12a-d is eenduidig met infrarood (IR) analyse 
aangetoond. Het stikstofgehalte in harsen 12b en 12d, dat met behulp van element 
analyse is bepaald, gaf aan dat de reacties in goede opbrengst waren verlopen. 
Helaas kon cycloreversie van de geïmmobiliseerde cycloadducten onder 
dynamisch thermische condities niet bewerkstelligd worden bij lagere temperaturen 
dan die nodig waren voor de cycloreversie van cyclopentadieen cycloadducten. 
Slechts maleimide kon gesplitst worden door middel van cycloreversie en alleen bij 
200°C. Hogere temperaturen leidden tot ontleding van de hars. Anthraceen kan 
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daarom niet beschouwd worden als een alternatief voor cyclopentadieen toegepast in 
het Diels Alder/retro-Diels Alder concept op de vaste drager. 
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Schema 5 
 
 Hoofdstuk 4 beschrijft de synthese in oplossing van stikstofhoudende 
heterocycli, zoals de indolizinonen 13 en 14 en de pyrrolidinoisoquinolines 15 en 16 
(Figuur 2). In de synthese, die verloopt via N-acyliminiumion chemie, is ook gebruik 
gemaakt van de Diels Alder/retro-Diels Alder  methodologie om de dubbele band te 
beschermen. Cyclopentadieen, anthraceen en furan zijn bestudeerd als de mogelijk 
bruikbare diënen. 
 
NN O
13 14
N O
15 16
N
  
 
 
Figuur 2 Onverzadigde indolizinonen en pyrrolidinoisoquinolines. 
 
De polycyclische verbinding 20 werd bijvoorbeeld in drie stappen 
gesynthetiseerd uit cyclopentadieen en N-fenethylmaleïmide 17 (Schema 6). De 
laatste stap, ontscherming van de dubbele band door middel van cycloreversie, 
werkte echter bij temperaturen lager dan 450°C. Wanneer anthraceen werd gebruikt 
in plaats van cyclopentadieen, stak een ander probleem de kop op: het cycloadduct 
21 bleek zo weinig vluchtig te zijn, dat cycloreversie onder Flits Vacuum Thermolyse 
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(FVT) condities niet mogelijk was. Het gereduceerde cycloadduct 22 was wel 
vluchtig genoeg voor een cycloreversie onder FVT condities, maar hier bleek het 
product zo onstabiel, dat het via een radicalair mechanisme naar pyrrool 23 omlegde. 
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i) methanol, 17u, kt; ii) NaBH4/H+, methanol; iii) trifluoroazijnzuur, CH2Cl2. 
Schema 6 
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Schema 7 
 
Cycloreversie onder statisch dynamische condities was wel mogelijk met 
furan adducten, namelijk bij 110°C in tolueen. Hierdoor konden de 5-
hydroxypyrrolinonen 25 op een elegante manier gesynthetiseerd worden (Schema 8). 
Een N-acyliminium ion cyclisatie van de cycloadducten 24 werd echter verhinderd 
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door de aanwezigheid van de zuurgevoelige zuurstofbrug. Een cyclisatie onder 
neutrale condities kon helaas niet worden gerealiseerd. Met benzyloxymethylfuran 
als modelverbinding voor geïmmobiliseerd furan is aangetoond dat een vertaling 
van de synthese van de 5-hydroxypyrrolinonen 25 naar de vaste drager tot de 
mogelijkheden behoort. 
endo/exo-24a : R=H
         exo-24b: R=NO2
N
R
O
OH
110°C
O
N
OH
O
R
25a: R=H     50%
25b: R=NO2 91%
tolueen
   
 
 
Schema 8 
 
De eerste resultaten van deze benadering zijn te vinden in Hoofdstuk 5. 
Furfuryl alcohol is op eenvoudige wijze gekoppeld aan de Merrifield hars, 
resulterend in de gefunctionaliseerde hars 26. Een efficiënte Diels Alder reactie met 
maleïmide leverde het geïmmobiliseerde cycloadduct 27 op, waarna in twee stappen 
het polymeergebonden hydroxylactam 29 verkregen werd. Het gewenste 5-
hydroxypyrrolinon 25 werd uiteindelijk van de hars gesplitst door verwarming tot 
110°C in tolueen (Schema 9). 
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i) maleïmide, THF, 66°C ii)fenethylbromide, DMF, Cs2CO3, kt, 20 u  iii)LiBH4, THF, kt, 17 u  iv)tolueen, 
110°C, 4 u. 
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Samenvattend kan worden gesteld, dat het onderzoek beschreven in dit 
proefschrift heeft aangetoond dat de Diels Alder/retro-Diels Alder methodologie als 
zodanig mogelijk is met cyclopentadieen, anthraceen of furan gekoppeld aan een 
vaste drager. De cycloreversie van de  geïmmobiliseerde cycloadducten van 
anthraceen en cyclopentadieen verloopt echter bij zulke hoge temperaturen dat een 
practische toepassing als een thermolytisch splitsbare ‘traceless’ linker niet realistisch 
is. Het geïmmobiliseerde furan is hiervoor, hoewel gelimiteerd, wel bruikbaar, 
bijvoorbeeld in de synthese van 5-hydroxypyrrolinonen, zoals beschreven in het 
laatste hoofdstuk. 
Samenvattingen in het Engels en Nederlands besluiten dit proefschrift. 
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